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A B S T R A C T
DNA d o u b le -s tra n d  b re a k s  (dsb) a re  th o u g h t to  be  m ajo r 
rad ia tion-induced  lesions in  biological end-poin ts su c h  a s  cell lethaliiy  
a n d  chrom osom e a b e rra tio n s . B ased  on the  th is  no tion , th is  pro ject 
a im ed  to ex tended  fu r th e r  th e  investiga tion  of th e  ro le  o f d sb  in  
rad ia tion-induced  m utagenesis .
The in itial p a r t  of th e  p ro ject involved optim ising  cond itions for 
th e  m u ta tio n  a ssa y  so a s  to  selec t for tru e ' tk-  m u ta n ts  in  C hinese 
h a m s te r  cells, following tre a tm e n t w ith  X -rays. T his w as im p o rtan t, 
d ue  to  the  Insufficien t p revious m u ta tio n  d a ta  involving th is  locus in  
C hinese  h a m s te r  cells. F u rth e rm o re , th e  choice of th e  tk  locus over 
th e  m ore com m only u se d  hprt locus w as based  on  existing evidence of 
i ts  h ig h e r sensitiv ity , a s  found  in  m u ta tio n  ex p erim en ts  w ith  th e  
L5178Y m ouse lym phom a cell line (Evans e t al, 1986).
An in itia l com parative  s tu d y  w as ca rried  o u t to  m ea su re  the  
in d u ced  m u ta tio n  frequency  following X -ray ir rad ia tio n  in  b o th  the  
p a re n t  C h inese  h a m s te r  O vary (CHO KI) cell line a n d  its  X-ray- 
sensitive  m u ta n t (xrs 5) cell line. This m u ta n t line w as chosen  because  
of its  charac te ristic  m arked  deficiency in  dsb  repair, ye t norm al ability 
to  rejo in  s in g le -s tran d  b re a k s  (Kemp e t al, 1984., C osta  a n d  B ryant, 
1988). T his allowed th e  s tu d y  of the  role of d sb  in  m u ta tio n  induction. 
The en h an ced  m u ta tio n  induction  observed in  x rs  5 over th a t  in CHO 
KI cells su g g e s te d  th e  im p o rtan ce  of d sb  in  ra d ia tio n - in d u c tio n  
m utagenesis.
T he nex t experim en tal stra tegy  adopted  involved th e  u se  of the  
DNA sy n th esis  in h ib ito r, 9 ifi-D -arab inofuranosy laden ine  (ara  A). The 
choice of th is  d ru g  w as b ased  on previous w ork by  B ryan t a n d  Blocher 
(1982) a n d  Iliakis a n d  B ryan t (1983) who, u s in g  DNA unw ind ing  and  
n e u tra l  velocity sed im en ta tio n , show ed a ra  A to  strong ly  in h ib it dsb  
repair. P la teau -p h ase  CHO KI cells were exposed to  X -rays alone or in  
com bination  w ith  a ra  A , th e  la tte r  trea tm e n t show ing a n  increased  
in d u c tio n  of m u ta tio n s . T his suggested  th e  possib le  ex istence  of dsb  
w hich  a re  fixed a s  m u ta tio n s  in  th e  absence  of DNA polym erization, 
suggesting  a  su b -c la ss  of dsb  w hich m ay be critical in  th e  s tep s leading 
to th e  induction  of a  m uta tion .
XV
T he th ird  a p p ro a ch  w as to  u se  res tric tio n  en d o n u c lea se s  (RE) 
w h ich  w ere in tro d u ced  in to  cells by  e lec tropo ra tion . T h is m eth o d  
un like  ionising rad ia tion , induced  pu re ' dsb . The u se  of th is  m ethod  
w as b a se d  on  th e  w ork of B ryan t (1984), w ho u se d  RE to  m im ic 
ra d ia tio n - in d u c e d  d a m a g e  in  th e  in d u c tio n  o f c h ro m o so m a l 
aberra tions. Two different types of RE were used : those  w hich produce 
b lu n t-  an d  those w hich  p roduce  cohesive-ended dsb . In all m u ta tio n  
experim en ts w ith th ese  enzym es, b lu n t-en d ed  d sb  w ere found  to  be 
m ore effective in  gen era tin g  m u ta tio n s  com pared  to cohesive-ended  
dsb . T h is suggests a  possib le  fu rth e r  reso lu tion  of type(s) of d sb  th a t  
w ould be induced  by  rad ia tion  in  the  ab ility  to induce  m u ta tio n s  i.e 
d ep en d en t on the  e n d -s tru c tu re  of the  induced  dsb . B lun t-ended  dsb  
m ay  th u s  rep re sen t th e  m ajor type of critical p re -m u ta tio n a l les ions 
w hich  m ay be fixed a s  a  m u ta tion , a s  a  re su lt of m isrepair. Cohesive- 
ended  dsb  m ay be of lesser im portance.
Finally, a  RE (Pvu II) w hich generates b lu n t-en d ed  d sb  w as u sed  
to in d u ce  m u ta tio n s a t  th e  hprt locus in  C hinese h a m s te r  (V79) cells. 
DNA from  m u ta n t cells w as analysed  u sin g  S o u th e rn  b lo t an d  PCR 
an a ly sis  of 3 exons in  th e  h p rt  gene. Som e of th e  m u ta n ts  (5 /1 5 ) 
show ed  large dele tions (rep resen tin g  com plete lo ss of th e  gene), a  
c h a n g e  s im ila r to  t h a t  ob serv ed  in  m u ta n ts  in d u c e d  follow ing 
tre a tm e n t w ith  ion ising  rad ia tio n  (e.g. T hacker, 1986). However, th e  
p e rcen tag e  of large dele tion  m u ta n ts  (70%) observed  in  rad ia tio n - 
in d u ce d  m u ta n ts  w as h ig h er th a n  th a t  (-34% ) o b ta in ed  w ith  RE- 
in d u ced  m u ta tion  d a ta . T his p relim inary  d a ta  on  th e  analysis of RE- 
in d u ced  m u ta tio n s  su ggests  th a t  b lu n t-en d ed  d sb  m im ics rad ia tio n - 
in d u c e d  p re -m u ta tio n a l les io n s , re su ltin g  in  som e large  genom ic 
c h a n g e s  (e.g. large  dele tions). However, a  la rg e r n u m b e r of RE- 
in d u ced  m u ta n ts  w ould have to be  ana ly sed  before a  m ore a cc u ra te  
com parison  betw een RE and  ionising m u ta tion  d a ta  can  be m ade.
In sum m ary, th is s tu d y  provides evidence for d sb  a s  a  m ajor pre- 
m u ta tio n a l lesion in  cells exposed to ionising  rad ia tion , an d  suggests  
the  existence of a  su b -c lass of dsb  in  relation  to m u ta tio n  induction. In 
add ition , RE offer the  possib ility  of gain ing  fu r th e r  u n d e rs ta n d in g  of 
th e  ro le  of d sb  in  th e  origin of m u ta tio n s  su c h  a s  th o se  cau sed  by 
de le tions.
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This th es is  describes experim ents carried o u t in  a n  a ttem p t to resolve 
an d  estab lish , ou t of the broad spectrum  of rad ia tion-induced  damage, 
a  lesion  w hich m ay be representative of a  p re-m u ta tio n a l lesion. The 
im portance of DNA double-strand b reaks (dsb) in  relation  to a  num ber 
of biological effects h as  already been suggested in  a  n um ber of studies. 
T his accum ulated  d a ta  formed the  b asis  of a n  investigation  into the 
role of d sb  in  the  process of radiation-induced m utagenesis.
1.1 M utation research: a brief overview
The field of m u ta tion  research  gained im portance  in  the  early  
1900's w ith  som e basic questions asked abou t th e  n a tu re  of m utations, 
m u ta tio n  ra te s  and  the  search  for a  su itab le  biological a ssay  w hich 
w ould  allow one to  se lec t for m u ta n ts  an d  th e re b y  m easu re  th e  
in d u ced  m u ta tio n  frequencies following tre a tm e n t w ith  a  n um ber of 
po ten tia l m utagens. This whole field w as 're-discovered ' following the  
e s tab lish m en t of M endels laws of hered itary , b y  th e  D u tch  b o tan is t 
Hugo de V ries w ho coined  the  w ord 'm u ta tio n ' to  describe  th e  
pheno typ ic  changes observed in  th e  evening p rim rose  (O en o th era  
la m arck iana ). This term  h a s  since been  b road ly  u sed  to describe a  
change in  th e  quality, quan tity  and a rrangem en t of a  gene w ithin  th e  
DNA of a  cell. M utagenesis describes the  above p rocess w hich m ay 
occur spon taneously  or m ay be induced by th e  action  of chem icals or 
rad ia tion , resu lting  in a  stable heritab le  change in  th e  progeny of an  
ind iv idua l cell. Some m utagenic changes p ro d u ce  dele terious le thal 
effects while o thers m ay rem ain 'silent' and  m ay  n o t be m anifested for 
m any  generations.
D ue to  th e  long te rm  effects a ssoc ia ted  w ith  m u ta tio n s , the  
n a tu re  an d  m echan ism s involving th e  in d u c tio n  of m u ta tio n s  have 
alw ays been  the  sub ject of active research . T his is evident from som e 
of th e  early  p roposals p u t  forward for the  in ductio n  of m u ta tio n s e.g. 
B a teson  (1928) p u t forward the p resence-absence  theory  according to 
w hich all m u ta tions were due to loss of norm al genes. This theo iy  was, 
however, contradicted  by the  observation of reverse  m u ta tio n s . O ther 
Investigators suggested th a t  m u ta tions arise  a s  a  re su lt of errors ' in  
gene rep lication , th is  notion  being based  on  th e  he red ita ry  changes 
observed in  subsequen t generations.
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T he two m ost im portan t findings for advancem ent in  th e  field of 
m u ta tio n  re sea rch  have been  the  unam biguous d em o n stra tio n  of th e  %
m utagen ic  properties of X-rays (Muller, 1927), and  th e  e lu c id a tio n  of 
th e  3 -d im en sio n a l helical d o u b le -s tra n d ed  s tru c tu re  of th e  DNA 
(W atson an d  Crick, 1953). The discovery of the  m utagenic  effects of X- 
ra y s  p rov ided  for th e  firs t tim e a n  experim en ta l p ro b e  in to  th e  
m ethods of a ltering  the  gene s tru c tu re  and  following th e  su b s e q u e n t 
changes. In addition, a  new class of m uta tions could be iso lated  a t  h igh  
frequencies th u s  allowing efficient detection of m u ta tions u s in g  v arious 
assay s. The base  com plim entary s tru c tu re  of the  DNA helix acco u n ted  
for th e  fidelity  of gene rep lica tion  an d  allowed th e  in d u c tio n  of 
m u ta tio n s  to be explained on the b asis  of nucleic acid chem istry . The 
above inform ation  led to investigations into the  cellu lar m ech an ism s 
asso c ia ted  w ith  m u ta tions such  a s  repa ir and  expression  of dam age  
w h ich  c u rre n tly  play a  cen tral role in  a  fu rth e r  u n d e rs ta n d in g  of 
m u ta tio n  induction.
1.2 Basic types o f m utational changes
M am m alian cells are equipped w ith a  se t of enzym es w h ich  are  
re sp o n s ib le  for m ain ta in ing  th e  in teg rity  of th e  g en e tic  code by  
repairing  dam age induced in  the DNA, either spon taneously  o r by  b o th  
p h y sica l a n d  chem ical agents. M ost types of m u ta tio n a l (genetic) 
c h a n g e s  genera lly  observed can  be c lassified  in to  one of th re e  
categories w hich  include: (a) changes a t the  gene level (b) s tru c tu ra l  
chrom osom al changes (c) changes in  the  num ber of chrom osom es.
Two of the  earliest types of m u ta tions recognised a t gene level 
w ere b a se  su b s titu tio n s  and  fram eshift m u ta tio n s . F ram esh ifts  h a d  
been  show n to be due to the addition or deletion of b ase  pair(s) w hich  
su b se q u e n tly  shifted  the  trip le t read ing  fram e so th a t  th e  cod ing  
sequence is altered. Base pair substitu tions had  been  recognised m u ch  
earlier (W atson and  Crick, 1953) and  were suggested to re su lt from  a  
tau tom eric  sh ift in the base which m ight lead to m isrepair d u ring  DNA 
rep lica tio n . One of the  m ost com m on types of b a sé  s u b s ti tu t io n  
observed in  irradiated  cells is the  G.C to A.T tran sis tio n  (Tindall e t al, 
1988).
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The second category a rises  a s  a  resu lt of p rim ary  dam age to  a n  
individual chrom osom e w hich involves the breakage of th e  ch rom atid s. 
T his b rea k  m ay re s titu te  in  th e  original form as  a  re s u lt  o f a  re p a ir  
p rocess, and  in  th is  case  no cytological dam age is observed . If th e  
b reak  rem ain s unrejo ined , th is  m ay re su lt in  th e  d e a th  o f th e  cells 
a fte r p a ss in g  th ro u g h  one o r two p h a ses  of m itosis . T h is type  of 
dam age (when it  occurs in  germ  cells) often resu lts  in th e  d e a th  of th e  
em bryo a t  an  early  stage, hence  con stitu tin g  w h a t is  te rm ed  a s  a  
'dom inan t le th a l’ m uta tion . Alternatively, the  b reaks m ay  re jo in  in  a  
d iffe ren t o rd e r  from  th e  o rig in a l giving rise  to  c h ro m o so m e  
rearrangem en ts. Types of m u ta tio n a l change in th is  category  in c lu d e  
tran sloca tions, inversions and  deletions. Some of th ese  ch an g es  e.g. 
de le tions, m ay  uncover th e  d e le te rio u s effects of a  p re -e x is tin g  
recessiv e  gene. T h is h a s  a n  a d d ed  im p o rtan ce  s in ce  d e le tio n  
m u ta tio n s  have been  show n to  rep re sen t a  m ajor c lass in  rad ia tio n - 
induced m utagenesis (Vrieling et al, 1985., T hacker e t al, 1990).
The th ird  type of genetic  change involves a  c h an g e  in  th e  
n u m b er of chrom osom es, term ed a s  aneuploidy (abnorm al n u m b e r  of 
chrom osom es). This can  arise w hen  hom ologous chrom osom es do n o t 
separa te  during  cell division so th a t  bo th  chrom osom es move in to  th e  
sam e daugh ter cell. This is term ed a s  non-disjunction. A neuploidy m ay  
also occur v ia  endoreduplication  w hich m ay give rise  to  a  te trap lo id  
cell followed by  a  chrom osom e loss. These types of a lte ra tio n s  have  
been  assoc iated  w ith a  n u m b er of h u m an  d iseases su c h  a s  D ow ns 
syndrom e, A b e tte r  u n d e rs tan d in g  of the  m olecular m ec h an ism  for 
m u ta tion  induction  will allow a  b e tte r  und ers tan d in g  of som e o f th e  
genetic d iseases associated w ith these  m utational changes.
T he com plex  s t ru c tu re  a n d  o rg a n isa tio n  of m a m m a lia n  
ch rom atin  h a s  lim ited o u r u n d e rs tan d in g  of the  p rocess involved in  
th e  induction  of a  m utation. Nevertheless, some of the  basic  s tep s  have 
been  elucidated, the  salien t features being sum m arised in  figure 1.1.
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Figure 1.1. M utagenic pathw ays for the  induction of a  m utation . I. Non­
m u ta te d  gene in  w ild-type cell line. 11. Gene w ith a  p re -m u ta tio n a l 
lesion . 111. M utated  gene in n o n -m u ta ted  cell. IV. M utated  gene in  
m u ta n t  cell. V. Dead m u ta n t cell. VI. M utant cells fu rth er divide. The 
p a thw ays include (a) E xposure of cells to the  po ten tial m u tag en  (b) 
P roduction  of a  p rem u ta tio n a l lesion  (c) Fixation of p re m u ta tio n a l 
lesion (d) Expression of non-lethal dam age resulting in the  p roduction  
of a  m u ta n t cell (e) D eath of m u ta n t cell due to a  le thal m u ta tio n  (f) 
F orm ation  of m u ta n t cell clone (g) Repair of p re-m u ta tio n a l lesion , 
res to rin g  the  norm al gene (h) U nrepaired  dam age re su ltin g  in  cell 
death .
1.3 Ionising radiation-induced lesions
In order to understeind and  resolve the type(s) of in itial dam age 
w hich, if fixed, m ay be responsible for the  induction of a  m uta tion , it is 
im p o r ta n t to know  th e  types of les ions induced  in th e  DNA of 
m am m alian  cells following exposure to ionising rad ia tion . T here  are  
generally two modes of action by w hich ionising radiation is th o u g h t to 
induce  dam age in the  DNA which is accepted to be the m ain  sensitive 
ta rg e t for radiation dsimage. These are classified as direct and  ind irect 
m odes of dam age. The former occurs as a  resu lt of high local energy 
deposition  directly w ithin the  DNA m olecule (Goodhead and B renner,
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1983) w hile th e  la tte r  in c lu d e s  dam age m ediated  th ro u g h  oxygen 
derived free radicals, p a rticu la rly  hydroxyl rad icals w hich  m ay a tta c k  
th e  DNA m olecule (Teoule an d  C adet, 1978., H utch inson , 1985).
T he m ajo r types of dam ag e  asso c ia ted  w ith  b o th  th e  above 
m odes of action  include b a se  dam age, DNA s tra n d  b rea k s  a n d  DNA- 
DNA a n d  DNA-protein c ro ss  lin k s  (Ward, 1985., Teoule, 1987). The 
im portance  of base  dam age in  rad iation-induced  m u tagenesis  h a s  b een  
well e s tab lish ed  in  b a c te r ia , b ac te rio p h ag es a n d  low er e u k ary o tes  
(G lickm an e t al, 1980., Levin e t al, 1982., C onkling  e t al, 1976., 
M ailing an d  de Serres, 1973). The m o st com m on type of rad ia tio n - 
induced  base  dam age includes tran sis tio n a l and  transversiona l changes 
betw een A-T and  G-C b ase  p a irs  (Glickman e t al, 1980). However, the  
role of b ase  dam age in  rad ia tio n -in d u ced  m u tagenesis  in  m am m alian  
cells rem ains unclear. T his no tion  is supported  by  th e  observation  th a t  
ion ising  rad ia tio n  does n o t in c rease  the  frequency of m u ta n ts  a t  th e  
N a+ /K + -A T P ase  lo cu s w h ic h  h a s  b een  show n  to  to le ra te  p o in t 
m u ta tio n s  only (Arlett e t a l, 1975., T hacker e t al, 1978., Liber e t al, 
1983). However, in the  sam e experim ents, the  frequency of m u ta tio n s  
a t  th e  h p r t  locus a re  s ig n ifican tly  in c reased  (Arlett e t  al, 1975., 
T hacker an d  Cox, 1975., L iber e t al, 1983).
T here is  increasing  evidence w hich po in ts to DNA s tra n d  b reak s 
a s  im p o rtan t prim ary rad ia tion -induced  lesions responsib le  for causing  
cell inactivation  and  m u ta tio n s  (Cole e t al, 1980). DNA s tra n d  b rea k s  
c an  be  sub-div ided  in to  two categories nam ely  s in g le -s tran d  b re a k s  
(ssb) an d  doub le-strand  b re a k s  (dsb). B oth th ese  rep re se n t b rea k s  in  
th e  covalently bonded su g a r-p h o sp h a te  ch a in s  of th e  DNA helix. S sb  
a re  th o u g h t to  be induced  a t  a  h igher frequency (~1100/G y/genom e) 
in  com parison  to th e  d sb  (~40/G y/genom e) (Blôcher, 1982., V an der 
S c h a n s  e t al, 1982).
T he o th e r types of d am age  inc lude  th e  DNA-DNA a n d  DNA- 
p ro te in  cross links w hich a re  induced  a t  a  low frequency com pared  to 
s s b  (133 /G y/genom e) a n d  seem  to p lay  a  rela tively  m in o r ro le  in  
c o n tr ib u tin g  to  th e  effects observed  in  cells exposed  to  io n is in g  
rad iation .
R epair of dam age in  th e  DNA is im p o rta n t to  m a in ta in  th e  
in teg rity  of the  genetic code. A com plex enzym atic m echan ism  ex ists  
in  cells to  en su re  th a t DNA is  rep licated  w ith a  high fidelity, d ue  to the  
m is m a tc h  re p a ir  ac tiv ity  to  rem ove ra re  m is - in c o rp o ra te d  b a se
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re s id u e s , w hich  m ay  have e scap ed  th e  cell's  p roo f-read ing  ab ility  
du rin g  DNA replication. The p resence  of su c h  a  h ighly  efficient repa ir 
system  in  m am m alian  cells is sup p o rted  by th e  view th a t  a n  absorbed  
dose of 1 Gy leads to a n  average of less th a n  1 le th a l ' lesion in  norm al 
cells.
B oth b ase  dam age and  ssb  a re  th o u g h t to  be  repa ired  efficiently 
by  excision rep a ir  w ith  a  h igh  degree of fidelity (P ain ter an d  Young,
1972., Fox and  Fox, 1973) hence th ese  are  p o stu la ted  n o t to  be lesions 
responsib le  for cell d ea th  or m u ta tio n s  in  irrad ia ted  cells. D sb have 
b een  suggested  to rep re se n t critical lesions w h ich  a re  responsib le  for 
som e of th e  ce llu la r a n d  cy togenetic  effects observed  in  irrad ia ted  
cells (H u tch in son , 1974., F ra n k en b e rg  e t a l, 1984 ., B locher an d  
Pohlit, 1982., V an der S can s e t al, 1982., Radford, 1986., Ho, 1975., 
R esn ick  an d  M artin , 1976). The im portance  of d sb  is su p p o rted  by 
experim ents carried  o u t w ith  th e  rad  52 y east m u ta n t  s tra in  (deficient 
in  d sb  repair) in  w hich 1-2 dsb  a re  found to c o n s titu te  a  le thal event 
(Ho, 1975., R esnick  an d  M artin , 1976., F rankenberg  e t al, 1984). This 
view is fu rth er su p p o rted  by  th e  increased  rad iosensitiv ity  observed in  
m u ta n t  cells w hich  a re  know n to  have a  red u ced  level of d sb  rep a ir  
(Kemp e t al, 1984., E vans e t al, 1987., W lodek an d  H ittlem ann, 1987., 
C osta  and  B ryant, 1988., Zdzienicka e t al, 1988).
O ne of th e  com plications assoc ia ted  w ith  try ing  to link  a  
specific ion ising  rad ia tio n -in d u ced  lesion to a n  specific en d -p o in t is 
due  to the  large n u m b er of lesions generated (figure 1.2).
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F igure  1.2. P rim ary  lesions induced  in  DNA following trea tm e n t w ith  
ionising radiation .
T h is  h a s  b e e n  overcom e m ore  re c e n tly  w ith  th e  u s e  of 
re s tr ic tio n  enzym es (RE) to  g en era te  d sb , h en ce  m im ic rad ia tio n - 
induced  dam age (Bryant, 1984). S uch  s tu d ies  have provided a  s trong  
co rre la tion  betw een dsb  an d  induction  of ab e rra tio n s  (Bryant, 1984., 
Obe e t al, 1985), cell lethality  (Bryant, 1985), m u ta tio n  induction  (Obe 
e t al, 1986) an d  oncogenic transfo rm ation  (B ryant an d  Riches, 1990). 
T hese s tu d ies  em phasize th e  usefu lness of RE a s  an  im portan t tool for 
fu r th e r  u n d e rs ta n d in g  of rad ia tio n -in d u ce d  dam age. However one 
sh o u ld  be  c au tio u s  in  com paring  RE d a ta  to  th e  rad ia tio n  da ta . RE- 
in d u ced  d sb  generate  'c lean’ b reaks w ith  a  3 -hydroxl an d  5 -phosporyl 
te rm in i w h e reas  rad ia tio n -in d u ced  les io n s a re  m ore likely to  have  
'd irty ' en d s  hence b o th  types of lesions will be  h an d led  by a  different 
se t of rep a ir  enzym es (Bryant, 1988., W ard, 1986., W ard e t al, 1987).
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1.4 Correlation o f DNA double-strand breaks w ith other cy to g en etic
endpoints
D sb have b een  su g g ested  to  p lay  an  im p o rta n t ro le  in  th e  
form ation of chrom osom al aberra tions (Bender et al, 1974., N a ta ra jan  
e t al, 1980). T his is  th o u g h t to be  a s  a  re su lt of n o n -re p a ir  o r 
m is rep a ir  of d sb  giving rise  to  de le tions an d  exchange  ty p e s  of 
chrom osom e aberra tions (Bender e t al, 1974). The im portance  of d sb  
in  the  induction of chrom osom e aberrations is supported  by  N a tara jan  
a n d  O be (1978) w ho show ed  th a t  w hen  a d d itio n a l d sb  w ere  
in troduced  into X -irrad iated  m am m alian  cells v ia conversion  of s s b  
in to  dsb  b y  N eurospora  single s tra n d  endonuclease, a  co rresp o n d in g  
increase  in the  frequency of chrom osom e aberrations w as observed.
A dditional evidence w as provided w ith  th e  in tro d u c tio n  in to  
cells of RE th a t  in d u ced  only dsb . T hese show ed a n  in c re a se d  
p ro d u c tio n  of ch rom osom e a b e rra tio n s , p rov id ing  m o re  d ire c t  
evidence for the  involvem ent of dsb  in the  form ation of a b e rra tio n s  
(Biyant, 1984., N atarajan  an d  Obe, 1984). Inhibition of d sb  rep a ir h a s  
also  been  show n to re s u lt  in  a n  increased  fixation a n d  s u b s e q u e n t 
form ation of chrom osom e ab erra tio n s (Iliakis e t al, 1988., M ozdarani 
an d  B ryant, 1987, 1989). T hese experim ents were b a sed  on  ea rlie r 
o b se rv a tio n s  in  w h ich  a n  in c re a se d  frequency  of ch ro m o so m e  
a b e rra tio n s  w as observed  in  m u ta n t  cells w hich  a re  k now n  be  
defective in  d sb  re p a ir  (Kemp an d  Jeggo, 1986., D a rro u d i a n d  
N atara jan , 1987a). Cells irrad ia ted  in  th e  p resence  of a r a  A, a n  
in h ib ito r of dsb  rep a ir (B ryant and  Blocher, 1982) also  show ed a n  
increased  form ation of CA (exchanges) This w as suggested a s  evidence 
for the  m isrepair of dsb  (Mozdarani and Biyant, 1987).
1.5 Repair o f double-strand breaks
The repair of dsb  is a  controversial subject due to  the  conflicting 
re p a ir  d a ta  o b ta in ed  w hile  w ork ing  w ith  d iffe ren t b io ch e m ic a l 
system s. R esults seem  to depend on the type of a ssay  u sed . Som e of 
th e  m ethods used  to m easu re  dsb repair include the n e u tra l velocity 
sed im en ta tio n  tech n iq u e  (L ehm ann and  Stevens, 1977., B locher, 
1982), DNA unw inding  techn ique  (Bryant and Blocher, 1980), DNA
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prec ip ita tion  a ssa y  (Olive, 1988), n eu tra l filter e lu tion  (B radley a n d  
C ohen , 1979) a n d  th e  m ore re c e n t m eth o d s of p u lse -f ie ld  gel 
e lec tro p h o resis  (e.g. CHEF: c lam ped  hom ogenous e le c tr ica l field,
B lôcher e t al, 1989). In o rder to investigate the  m ec h an ism  of d sb  
repa ir, a  n u m b er of b ac te ria l m u ta n t cells w hich a re  k n o w n  to  be 
defective in  a  specific rep a ir pa thw ay  have b een  u sed . R e su lts  from  
th e se  experim en ts have suggested  th e  req u irem en t o f a n  in ta c t, 
undam aged  region of a  hom ologous DNA molecule as a  tem pla te  d u ring  
re p a ir  sy n th e s is  (K rasin an d  H u tch in son , 1977., W eib ezah n  a n d  
Coquerelle, 1981., Picksley e t al, 1984., Lopez an d  C oppey, 1987).
T h is  evidence s u p p o r ts  m odels w h ich  p ropose  t h a t  d sb  re p a ir  
requ ires a  recom bination-type m echanism  (Resnick, 1976., S zo stak  e t 
al, 1983). The involvem ent of recom binational rep a ir  is  c o n s is te n t 
w ith  th e  o b se rv a tio n s  th a t  d sb  a n d  sm all d e le tio n s  s t im u la te  
reco m b in a tio n  (Szostak  e t al, 1983). R eco m b in a tio n a l r e p a ir  in  
b ac te ria l cells is th o u g h t to involve exonucleases w hich  degrade  th e  
en d s  of the  induced  dsb , followed by  resyn thesis  of th e  in te rv en in g  
gap u sing  the  DNA sequence from the hom ologous chrom osom e. T his 
p ro cess  th u s  req u ires  th e  activ ity  of DNA po lym erase  d u rin g  th e  
re sy n th e s is  of th e  s tra n d , in  ad d itio n  to DNA lig a se  ac tiv ity  to  
com plete the  final rejoining of th e  ends. The im portance of th e  above 
type  of re p a ir  is  su p p o r te d  by  th e  o b se rv a tio n  o f in c re a s e d  
rad iosensitiv ity  of the  rad  52 m u ta n t of yeast know n to  defic ien t in  
rep a ir of dsb and  w hich is also found to have a  defective recom bination  
rep a ir process (Resnick, 1975).
In c o n tra s t to th e  extensive lite ra tu re  on  d sb  in  p rokaryo tic  
ce lls , d sb  re p a ir  p ro c e sse s  in  m am m alian  cells a re  n o t  w ell 
understood . The radiosensitive m u ta n t xrs  5 cell line w hich  is know n 
to be defective in  dsb  rep a ir (Kemp e t al, 1984) h a s  b e en  found  to  ,
have a  reduced ability to cariy  o u t recom bination in a n  in vitro a ssay . !
H ence, reco m b in a tio n  re p a ir  h a s  been  su g g ested  a s  a  p o ss ib le  
m echan ism  by w hich d sb  are repaired  using  the  hom ologous DNA to 
e n su re  accuracy  of rejoining in  m am m alian  cells (D ebenham  e t al,
1987). However, based  on the  fast repair com ponent observed  in  d sb  
repa ir, W eibezahn and  Coquerelle (1981) suggested  th is  a s  evidence 
for a  sim ple ligation m echanism  for dsb repair. R adiation  is th o u g h t 
m ostly  to generate b reaks w ith 'dirty' ends, w ith a  3 -hydroxyl an d  5'- 
phosphory l w hich m u s t be trim m ed by an  exonuclease p rio r to  any
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ligation step  (Lennartz et al, 1975). This argues against the  view th a t  a  
d irect ligation repa ir process exists in  m am m alian cells.
F idelity  of d sb  rep a ir  h a s  b een  suggested  to  be  one o f th e  
determ ining factor w hich accoun ts for the  Increased lethality  observed 
in  d sb  repair-defective m u ta n t cells. Evidence for th is  is  provided b y  
experim en ts done w ith  cells from  ind iv idua ls w ith  th e  a u to so m a l 
recessive genetic d isease, a tax ia  te lang iectasia  (AT). AT cells have n o t 
been  found to  be deficient in  the  repa ir of b u lk  dsb  (L ehm ann a n d  
S tev en s , 1977). The in c re a sed  rad io sen s itiv ity  is  a t t r ib u te d  to  
in accu rac ies  in  dsb  rejoining ra th e r  th a n  lack  of rep a ir  (Cox e t al, 
1984, 1986., D ebenham  e t al, 1987). The low fidelity in  AT cells is  
suggested  to accoun t for the  relatively large genomic de le tions a n d  
re a rra n g e m e n ts  a t  s ites  of dsb . Cox e t a l (1986) p o s tu la te d  th e  
existence of a  com petition betw een ligation and  exonuclease d igestion  
of d sb  w ith a  shift tow ards the  la tte r step  in  AT cells.
1.6 Assays currently used to detect m utation
Most of the  in vitro m am m alian cell m u ta tion  system s are  u sed  
to m easu re  forward m u ta tiona l changes. The advantage of w ork ing  
w ith  su ch  system s is th a t they offer a  large num ber of restric tion  s ite s  
available for m utational changes w ithin  the  target locus, provided th e  
gene(s) code for a  p roduct which is n o t essen tia l for the  survival of th e  
cell. D ifferent m u ta tion  assay s m easu re  different types of m u ta tio n s  
w ith  vary ing  efficiencies w hich  h a s  s tim u la te d  in te re s t  in  th e  
developm ent of a  variety of m utation  assays. Despite the  large n u m b er 
of laboratories w hich m ay use  a  particu lar assay, the e stab lish m en t of 
optim um  selective conditions under w hich all types of m u ta n ts  can  be 
de tected  is a  com plex ta sk  w hich m ay often be responsib le  for th e  
contradictory  m uta tion  d a ta  betw een different laboratories.
Som e of th e  m ore com m only u sed  m u ta tio n  sy stem s for th e  
detection of forward m uta tions in vitro are briefly d iscussed .
i
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1.6.1 H ypoxanthine-guanine Phoshoribosyltransferase Locus (hprt)
The X-linked hprt locus is  the  m ost extensively u se d  lo cu s for 
m u ta tio n  stud ies in  cu ltu red  m am m alian cells (Albertini a n d  DeM ars,
1973., V an Zeeland and  Sim ons, 1976., T hacker e t al, 1976, 1977., 
Shaw  and  Hsie, 1978). In cell cu ltu res, m utations in  the  hprt locus c an  
be selected for by growing cells in 6-th ioguanine con ta in in g  m ed ium  
(selection medium). The types of m utational changes in  th e  hprt locus 
fo llow ing t r e a tm e n t  w ith  io n is in g  ra d ia tio n  h a v e  b e e n  w ell 
c h arac te rised  in  C hinese h a m ste r  V79 cells (Vrieling e t al, 1985., 
T hacker, 1986., Fuscoe e t al, 1986), C hinese h a m s te r  ovary  cells 
(Breimer et al, 1988., S tankow ski and  Hsie, 1986., G ibbs e t al, 1987) 
an d  in  h u m an  lym phocytes (Liber et al, 1987). M olecular an a ly sis  of 
m u ta n ts  induced following trea tm en t w ith ionising rad ia tion  suggested  
th a t  abou t 70% have undergone gross s tru c tu ra l dam age to  th e  DNA 
resu lting  in  deletions of large sections of the sequence (K avathas e t al,
1980., O rr et al, 1982., G raf and  C hasin , 1982., T h ack er, 1986., 
Yandell e t al, 1986., Liber e t al, 1987). In cases of large deletions, th e  
ex te n t of th ese  h a s  b een  approxim ately  dete rm ined  b y  S o u th e rn  
analy sis  in  the  h p rt  gene (Thacker e t al, 1990). All th is  ex tensive  
m olecular analysis a t  th is  locus h as  been m ade possib le  d u e  to th e  
cloning of the  com plem entary DNA (cDNA) sequence for th e  hprt gene 
(Konecki e t al, 1982).
The m ouse h p rt  gene is divided into 9 exons w h ich  v a ry  in  
leng th  ranging  from 18 to 593 base  pairs This allows one to fu r th e r  
localise and  m ap the  type of changes (deletions) w ith in  d ifferent p a rts  
of th e  gene, i.e e ither a t the  3' or 5' end. This type of analy sis  is b ased  
on  th e  availability of sequences flanking the  coding reg ions for th e  
exons (primers), th u s  allowing the  polym erase chain  reac tio n  (PCR) to 
am plify specific regions of th e  gene (exons) to de te rm ine  th e  ex ten t 
an d  position of dam age (Rossiter e t al, 1991). A close hom ology h a s  
b een  found to exist betw een the  HPRT protein  sequences of m ouse , 
h am ste r and  h u m an s (Konecki e t al, 1982), w hich is advan tageous for 
in te rspecies ex trapolation  of the  m utation  data . However, m u tagen ic  
m ech an ism s su c h  as  hom ologous m itotic reco m b in a tio n  o r gene 
conversion are no t available a t  such  a  locus due to its  X -linked n a tu re  
(single copy). Some of th e  additional variables w hich a re  suggested  to  
d e te rm in e  th e  se n s itiv ity  of a  locus inc lude  i ts  c h ro m o so m a l
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localization, ploidy a n d  linkage to e ssen tia l genes (K ronenberg a n d  
Little, 1989); hence  large sca le  deletion  a t  th is  locus m ay  be  le th a l 
therefore going unde tec ted  due  to its  hem izygous n a tu re .
The h p rt  gene is ex tensively  u se d  since i ts  on ly  sing le  copy 
avoids confusion w hen analysing  types of m u ta tions a t  a  m olecu lar level 
(due to  non-specific binding). The only non-specific b ind ing  is to one 
or m ore functional genes (pseudogenes) w hich hybridize to th e  p robes 
u se d  (Fuscoe e t al, 1983). T he lim it of re so lu tio n  for d e te c tin g  
m u ta tiona l changes of th is  locus is approxim ately 500 bp.
1.6.2 A denine P hosphoribosyltransferase Locus (aprt)
T h is  lo cu s , cod ing  for th e  n o n -e s se n tia l  enzym e a d e n in e  
phosphoribosy ltransferase , is  au tosom ally  located in  m am m alian  cells 
(T ischfield a n d  R uddle, 1974 ., K ozak e t al, 1975). It o ffers a n  
a ttra c tiv e  choice of ta rg e t lo cu s  for m u ta tio n  s tu d ie s  d u e  to  i ts  
relatively sm all size (4 Kb). T his reduced  size, in  add ition  to th e  large 
n u m b e r of available re s tr ic tio n  s ite s  w ith in  th e  a p rt  gene, allows a  
b e tte r  re so lu tio n  of th e  e x te n t of m u ta tio n a l dam age (M euth a n d  
A rrand, 1982., N albantoglu e t al, 1983). Base changes, in se rtio n s a n d  
d e le tio n s  a s  sm all a s  25  b p  have  b een  d e tec ted  a t  th is  lo cu s  
(N albantoglu  e t al, 1983). A lthough  au to som ally  loca ted , som e cell 
s tra in s  w ith  a  single copy of th e  gene have been  identified  w hich  are  
successfu lly  u sed  in  m u ta tio n  s tu d ies  (Chasin, 1974., T hom pson e t al, 
1982). Aprt- m u ta n ts  can  be selected in  single-step  u sin g  res is tan ce  to 
the  toxic analogue, 8-aza-adenine.
1 .6 .3  D ihydrofolate R educ ta se  Locus (dhfr)
M u ta n t cells a t  th is  lo cu s  a re  iso la ted  by  r e s is ta n c e  to  
m etho trexa te  (MTX), a  4 -am ino  analogue of folic acid. A m u ta tio n  in  
the  d h fr  locus reduces th e  cells affinity for MTX. The au tosom al n a tu re  
of th is  locus in terferes w ith  an a ly sis  of m olecu lar changes. However, 
th is  can  be overcome by u sin g  cell s tra in s  w hich have been  found to  be 
hem izygous for th is  lo cu s (U raluab  e t al, 1980). A large  n u m b e r of 
d e le tio n s  a n d  re a rra n g e m e n ts  h av e  b een  iden tified  a t  th is  lo cu s
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following tre a tm e n t w ith  ionising rad ia tion  (U ralaub e t al, 1980). The 
reso lu tio n  of th is  locus is  approxim ately  100 bp . F lintoff e t al (1976) 
h a v e  d e m o n s tra te d  r e s is ta n c e  to  MTX o c c u r in g  a s  r e s u l t  of 
perm eability  changes in  th e  cell m em brane, th u s  excluding th e  en try  
of th e  analogue in to  cells. Due to th e  existence of su c h  a  possible non- 
genetic  change, m u ch  m ore w ork  h a s  yet to  be  done in  optim ising 
experim en ta l co n d itio n s  for th e  se lection  of m u ta n ts  a t  th is  locus 
before it is accepted a s  a  choice of m utation  assay .
1.6.4 N a^/K ^'ATPase  Locus
T his locus codes for th e  m em b ran e -b o u n d  enzym e N a'^/R e­
ac tiv a ted  ATPase, w hich  is v ita l for the  fu n c tio n in g  of the  N a^/R e  
'p u m p ' w hich  m a in ta in s  th e  con tro l of th e se  io n s  a c ro ss  th e  cell 
m em brane. M u ta tio n s a t  th is  locus can  be se lec ted  by  re s is tan ce  to 
O uabain , a  stero id  w hich  in  norm al cells b inds to th e  enzyme causing  
a n  ionic im balance  re su ltin g  in  cell d ea th  (B aker e t al, 1974). The 
ty p es of m u ta tio n a l ch an g es w h ich  can  be iso la ted  a t  th is  locus are  
m ore restric ted  in  com parison  to  those  observed a t  th e  o ther loci e.g. 
h p rt. E vidence su g g e s ts  th a t  on ly  sm all c h an g es , p ro b ab ly  p o in t 
m u ta tio n s , can  be  to le ra ted  a t  th is  locus w ithou t being  lethal. This is 
dem onstra ted  by  th e  loss of res istance  to O uabain  while inducing  h p r t  
m u ta n ts  in  cells exposed to  ion ising  rad ia tion , su p p o rtin g  th e  view 
th a t  large dele tions a re  le thal. T he advantages of th is  locus are  its  
re la tive  stab ility  a n d  th e  fac t th a t  it is well c h arac te rised . However, 
th e re  are also som e d isadvan tages, including a  relatively low m u ta n t 
frequency , th e  ex is ten ce  of som e cells for w h ich  N a+/R + A T P ase  
activ ity  is requ ired  for survival a n d  a s  m entioned above its  ability  to 
d e tec t only single-base changes.
1.7 Thym idine kinase m utation assay
The lo cu s cod ing  for th e  enzym e thym id ine  k in ase  (TK; EC 
2.7 .2 .21) is know n to  be au tosom ally  located in  m am m alian  species e.g. 
on  chrom osom e 17 in  m a n  (Miller e t al, 1971), chrom osom e 11 in  
m o u se  (Kozak a n d  R uddle, 1977) an d  on chrom osom e 7 in  C hinese
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h a m s te r  cells (S ta llings and  S iciliano, 1981). T hym id ine  k in a se  
catalyses th e  phosphory lation  of pre-existing thym idine to  thym idine 
5 '-m onophosphate , w hich is sub seq u en tly  u sed  for DNA sy n th e s is . 
There are  two form s of the  enzyme, one localized in  th e  m itochond ria  
and  the  o ther in  th e  cytosol. The cytosolic enzyme plays th e  m ajor role 
du ring  DNA sy n th esis  (peak activity during  S  p h ase  of th e  cell cycle) 
while the  m itochondrial enzyme activity rem ains c o n s ta n t d u rin g  th e  
cell cycle.
T he p re sen c e  of thym id ine  k in ase  is  n o t e s se n tia l  for th e  
su rv iv a l of a  cell. The d e  novo  b io s y n th e s is  o f th y m id in e  
m onophosphate  by  the enzyme thym idylate sy n th e ta se  co n stitu te s  th e  
no rm al pa thw ay  by  w hich cells m eet th e ir thym id ine req u irem en ts . 
The thym idine k inase  catalysed reaction  rep resen ts  one of th e  several 
salvage' pa thw ays for th e  cell (Kit e t al, 1963) hence th e  activ ity  of 
thym idine k inase  can  vary substan tia lly  w ithout affecting cell survival 
(Breslow an d  Goldsby, 1969), an  im portan t a sp ec t for an y  m u ta tio n  
assay . Due to th e  autosom al n a tu re  of the  tk  locus, two copies of th is  
locus will no rm ally  be p resen t in  the  p a re n t w ild-type cell s tra in s . 
This m akes isolation of tk- m u tan t cells extrem ely difficult in  cu ltu red  
m am m alian  cells (Clive et al, 1972., Roufa e t al, 1973). However, 
there  is increasing  evidence th a t som e lines occur n a tu ra lly  or du ring  
th e  ev o lu tio n  o f th e  line  to  give r is e  to  c e lls  w h ic h  a re  
h em izygous/he terozygous (one effective functional gene) for th e  t k  
gene. These can  be successfully u sed  for m u ta tion  s tu d ies  (Clive e t al,
1972., Fox, 1974). The m ouse lym phom a L5178Y tk+/" 3 .7 .2  C cell line 
h a s  been  widely used  in  stud ies to quantify  th e  po ten tia l of chem ical 
and  physical agen ts to induce m utations a t the  au tosom al heterozygous 
tk  locus (Clive e t al, 1979., Moore e t al, 1985 a,b). Yandell e t al (1986) 
u sed  a  h u m an  B-lymphoblastoid cell line for detection of m u ta tio n s  a t  
the  t k  locus. T h is line is heterozygous for th e  t k  locus, w ith  one 
functional and  one-non-functional allele w hich is th o u g h t to be due to 
a  single base  change in one of the  alleles. Similarly, E vans e t al (1986) 
successfully  u sed  the  m ouse L5178Y stra in  LY-S and  its  p a ren ta l s tra in  
LY-R to m ake com parative m utation stud ies a t  the  tk  locus.
In som e prelim inary studies carried ou t in  ou r laboratory , th e  tk  
locus in  C hinese heimster ovary (CHO KI) cell line w as found to  be an  
efficient locus to m easure  m utations following trea tm en t w ith  X-rays.
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T his involved a  single-step  selection system . M u tan ts  arose w ith  a  high 
frequency  following tre a tm e n t w ith  ionising rad ia tion . B ased  on  th ese  
p relim inary  re su lts , th is  m u ta tio n  a ssa y  w as fu rth e r refined an d  u sed  
for th e  experim en ts described  in th is  thesis . F u rth erm ore , th e  choice 
of th e  tk  locus r a th e r  th a n  th e  hem izygous h p r t  lo cus is  to  som e 
e x te n t  th e  r e s u l t  of in c re a s in g  ev idence in d ic a tin g  th e  h ig h e r  
se n sitiv ity  of th e  t k  lo cus to  ion ising  rad ia tio n  (Clive e t a l, 1980., 
Y andell e t al, 1986., S tankow ski an d  Hsie, 1986., E vans e t al, 1986., 
D eM arini et al, 1989). T his difference in  the  two loci [tk  and  hprt) h a s  
b e en  suggested  a s  evidence for a  c la ss  or c lasses of m u ta tio n s  w hich 
m ay  be  recovered  a t  h e te ro zy g o u s au to so m a l loci t h a t  a re  n o t 
reco v ered  a t  th e  X -linked  hem izygous lo cu s . U sing  th e  m o u se  
lym phom a L5178Y assay , two d ifferent types or c lasses of m u ta tio n s  
have  been  th o u g h t to  exist a t th e  tk  locus. T his view is b ased  on the  
ex istence  of large a n d  sm all m u ta n t colony sizes. O n the  b a s is  of th is  
observation , it  h a s  b een  suggested  th a t  th e  sm all colonies m ay  a rise  
from  th e  induc tion  of m utagen ic  chrom osom e dam age, while th e  large 
co lon ies  a re  re p re se n ta tiv e  of gene m u ta tio n s  (Clive e t al, 1979., 
T u rn e r  e t al, 1984). T he n o tio n  th a t  th e  m ajo rity  of sm all colony 
(m u tan t) cells have  chrom osom e abno rm alities is  su p p o rte d  by  th e  
in c re a se d  freq u en cy  of ch rom osom al a b e rra tio n s  (i.e. b re a k s  an d  
rea rran g em en ts). M u tan ts  w hich  recovered following th e  exposure  to 
io n is in g  ra d ia tio n  have  frequen tly  b een  show n to  be  th e  r e s u l t  of 
m u ltilo cu s  lesions (Wolff, 1971., E vans e t al, 1986). T h is will affect 
flank ing  genes requ ired  for cell survival and  growth. T his w ould re su lt 
in  lo ss  of m u ta n t cells recovered a t  th e  hprt locus while, p resum ably , 
th e  genes for su rv ival a n d  grow th  on  th e  hom ologous chrom osom e 
rem a in  in ta c t a t  the  heterozygous loci [tk], th u s  fu rn ish ing  th e  critical 
gene p roduct (for survival an d  growth).
1.7.1 Use o f  TFT a s  a  selection drug
F lourinated  pyrim id ines have b een  show n to in h ib it th e  grow th 
of tra n s p la n te d  tu m o u rs  in  ro d e n ts  a n d  in  p a tie n ts  su ffe ring  w ith  
a d v a n c e d  c a n c e rs  o f th e  b r e a s t  a n d  g a s tro  in te s t in a l  t r a c t  
(H eide lberger e t a l, 1958). T h is  w as  fo u n d  to  b e  d u e  to  th e  
phosp h o iy la ted  form of th e  flourinated  pyrim idine w hich is a  powerful 
in h ib ito r of thym idylate  sy n th e ta se  (Heidelberger, 1965). In add ition
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to  th is , th e  pyrim idine a n a lo g u es  a re  in co rp o ra ted  in to  th e  DNA 
b lo ck in g  rep lica tio n . B a se d  on  th e s e  o b se rv a tio n s , th e  u s e  of 
flourinated  analogues of no rm al nucleo tides h a s  since been  ex tended  
to th e  isolation of tk- m u ta n t. The m ain  m u ta tio n  a ssa y  described  in  
th is  th e s is  m akes u se  of a  toxic nucleotide analogue of thym idine, 5- 
t r i f l u o r o m e t h y l - 2 '- d e o x y u r i d i n e  c o m m o n ly  k n o w n  a s  
tr if lu o ro th y m id in e  (G o ttsc h lin g  a n d  H ie d e lb e rg e r, 1963). T he 
s t ru c tu r e  of TFT is  s im ila r  to  t h a t  of th e  th y m in e  excep t for 
su b s ti tu tio n  w ith  fluorine  a t  th e  5 ’ position  (figure 1.3). A sim ila r 
su b s titu tio n  can  be m ade  w ith  brom ine and  iodine giving rise  to  5- 
b ro m o -2 '-d eo x y u rid in e  (BUdR) a n d  5 -io d o -2 '-d eo x y u rid in e  (lUdR) 
respectively .
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Figure 1.3. Chem ical s tru c tu re  of trifluorothym idine
B oth  BUdR an d  lU dR  have also  b een  u sed  to  se lec t for tk - 
m u ta n ts  (Clive et al, 1972., Fox, 1971., Roufa et al, 1973) on the  b a s is  
th a t  th ey  in d u ce  a  co n sid erab le  inh ib ition  of cell d ivision a n d  slow  
killing of th e  n o n -m u tagen ised  cell population  (Fujiw ara e t al, 1970). 
H owever, TFT w as u se d  a s  th e  se lection  d ru g  b a se d  on  ex is tin g  
evidence for its  rap id  in h ib itio n  of cell division (Adair an d  C arver, 
1979) a n d  i ts  n o n -m u ta g en ic  p ro p erty  in  m am m alian  cells u n lik e  
BUdR and  lUdR (H uberm an and  Heidelberger, 1972). S ince th e  size of 
the  trifuorom ethyl group  (2.44 Â) in  TFT is nearly  th e  sam e a s  th a t  of 
the  m ethyl g roup  in  th e  no rm al thym ine b ase  (2.0 A), it  is  m ost likely
'41
Introduction/ IS
th a t  th e  p h o sp h o ry la ted  form  of TFT is in co rp o ra ted  in to  th e  DNA 
(G o ttsch lin g  a n d  H iedelberger, 1963), t h u s  in te rfe r in g  w ith  th e  
p rocess of rep lica tion  in  norm al cells b u t  allowing survival of th e  tk-  
m u ta n t  c lones. The m ode by  w hich TFT se lec ts  for p resum ptive  tk- 
m u ta n ts  is sum m arized  in  figure 1.4.
T rifluo ro thym id ine  (TFT)
Thym idine k inase
[Phosphorylation]
T FT -triphosphate
Incorporated  in to  DNA 
inh ib iting  replication  
(salvage pathw ay)
Inhib its thym idylate syn the tase  
(de novo pathw ay)
. „ . s
R apid inh ib ition  of cell division
Cell d ea th
Figure 1.4. S um m ary  of th e  s tep s involved du ring  th e  p lating  of cells in  
th e  selection  m edium  (TFT).
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1.8  Specific aim s o f th is prolect
From  all accum ulating  d a ta  d iscu ssed  above, it is evident th a t  
rad ia tio n -in d u ced  d sb  play an  im p o rtan t role in  th e  observed cellu lar 
a n d  cytogenetic effects in  cells exposed  to  ion ising  rad ia tion . In ligh t 
of th is , th e  m ain  aim  of th is p ro ject w as to investigate in to  a  possible 
re la tionsh ip  betw een dsb  and  th e  p rocess of m u ta tio n  induction  hence 
providing evidence for dsb  as im p o rtan t p re-m u ta tio n a l lesion.
T he s tra te g y  w as f irs t to  e s ta b lish  a  m u ta tio n  a s sa y  a n d  
c o n d itio n s  n e c e ssa ry  to su c ce ss fu lly  iso la te  T ru e ’ m u ta n ts  [tk-] 
following tre a tm e n t w ith various ty p es of trea tm e n ts . The au to som al 
lo cu s  coding for th e  enzyme th ym id ine  k in ase  in  C h inese h a m s te r  
cells w as u se d  a s  th e  target locus for th e  m o s t p a r t  of th e  s tu d ie s  
d escrib ed  in  th is  th es is . This lo cu s  w as u se d  d u e  to  its  in creased  
sensitiv ity  in  com parison  to the  hprt locus w hich  m ight be  due  to its  
ab ility  to d e tec t certa in  c lasses of m u ta tio n s  w h ich  are  recovered a t  
hprt locus.
The first approach  w as to com pare the  induction  of m u ta tio n s in  
th e  p a re n t C hinese h am ste r ovary (CHO KI) w ild-type cell line a n d  in  
its  X -ray sensitive m u ta n t stra in , xrs  5. This m u ta n t line w as chosen  on 
its  c h a ra c te r is tic  m arked  defic iency  in  d sb  rep a ir , y e t show ing  a  
n o rm al rep a ir of ssb  (Kemp e t al, 1984), th u s  allowing one to follow 
th e  role of a  reduced  dsb  repair on m u ta tio n  induction .
The second strategy w as to  u se  a  DNA sy n th esis  inh ib ito r w hich 
is a lso  know n to inh ib it the repa ir of dsb . B oth  th e  CHO KI and  x r s  5 
cell lin es  w ere exposed to X -rays a lone or in  com bination  w ith  th e  
d sb -rep a ir  inh ib ito r followed by  m easu rem en t of th e  relative frequency 
of m u ta tio n  induction . In th is  se ries of experim ents, th e  effect of d sb - 
re p a ir  in h ib ition  on  th e  rep a ir of dam age w as a lso  m easu red  a t  a  
cytogenetic level (aberrations).
The th ird  app roach  w as to  u se  re s tric tio n  en d o n u c leases (RE) 
w hich  are  know n to generate d sb  in  an  a ttem p t to  sim ulate  rad ia tion - 
in d u ce d  d sb  (B ryant, 1984). T h is  allowed one to  s tu d y  th e  role of 
’p u re ’ d sb  on m u ta tio n  ind u ctio n  un like  in  case  of rad ia tion -induced  
dam age w hich  generate  the  b ro ad  sp ec tru m  of dam age. In add ition  to  
th is , d ifferent RE w hich generate  different types of dsb  were u sed  to 
fu r th e r  d istin g u ish  betw een th e  type of dsb  (b lunt- or cohesive-ended 
dsb) m ost critical in  the  s tep s lead ing  to  the  in du ction  of a  m u ta tion .
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D uring  these  experim ents, RE were Introduced in to  th e  cells u s in g  a  
cell e lectroporation  techn ique w hich w as found to be  a  m u c h  m ore 
effective a n d  re liab le  m ethod  th a n  prev iously  u s e d  m e th o d s  of 
perm eabilization (e.g. inactivated Sendai virus).
T he fou rth  aim  of th is project w as to investigate in to  th e  type(s) 
of m olecular changes associated w ith dsb-induced m u ta tiona l changes. 
In  th is  prelim inary  study, a  RE w as used  to induce m u ta tio n s  a t  th e  
h prt  locus in  C hinese ham ste r (V79) cell line. The m u ta tio n  ch an g es  
a t  th e  h p r t  locus were analysed  u sin g  S o u th e rn  b lo ting  a n d  PCR 
a n a ly s is . R E -induced  m u ta tio n  profiles w as co m p ared  w ith  th a t  
observed in  radiation-induced m u tan ts  from previous work.
E ach  of th e  above experim en ts is d escribed  in  in d iv id u a l 
ch ap te rs  w ith  a  in troduction  a t the  beginning of each  c h ap te r followed 
by  a  d iscussion  a t the end.
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M aterials and m eth od s/2 2
2 .1  Introduction
T his ch ap te r describes th e  general m ateria l and  m ethods w hich  
w ere ro u tin e ly  u sed  d u rin g  th e  course  of th is  pro ject. T his in c lu d es 
cells, c u ltu re  conditions an d  th e  basic  m u ta tio n  a ssa y  u sed  to iso late  
m u ta tio n s  a t  th e  au to som ally  located tk  locus in  h a m s te r  cells. T he 
b a s ic  m u ta tio n  a s s a y  u se d  h a s  b een  described  in  genera l te rm s , 
how ever an y  add itional m odifications in  any  p a r t  of th e  a ssa y  e.g th e  
ex p o su re  of cells to th e  p o ten tia l m u tag en  will be  described  in  th e  
m ateria ls  an d  m ethod section  of th e  respective chap ter.
2 .2  C ells, culture conditions and m aterials
D u rin g  th e  co u rse  of th is  pro ject, all cell lin es u sed , C h inese  
h a m s te r  ovary (CHO KI), X -ray -sensitive  m u ta n t  cell line (x rs 5), 
C h inese  h a m s te r  (V79) cell line w ere rou tine ly  grow n a s  m onolayers 
in  75  cm2 tis su e  cu ltu re  grade p lastic  flasks (Sterlin) an d  m ain ta ined  
in  ex ponen tia l grow th in  10 m l E agles M inim um  E ssen tia l M edium  
(MEM) su p p lem en ted  w ith  n o n -esse n tia l am ino ac id s an d  10% (v/v) 
fetal calf se ru m  (PCS). F lasks were gassed  w ith  5% CO2  and  incuba ted  
a t  37°C . Cells w ere p a ssa g e d  tw ice a  w eek to m a in ta in  cells in  
ex p o n en tia l grow th in  all experim en ts u n le s s  o therw ise  m en tioned .
For p a ssag in g , m ed ium  w as rem oved a n d  cells d e tach ed  from  th e  j
su rface  by  trypsin iza tion  u s in g  a  trypsin /E D T A  so lu tion . Cells w ere J
rin sed  twice w ith 3 m l of trypsin /E D T A  so lu tion  an d  in cuba ted  for 6  |
m in u te s  a t  37°C. After th is  period, cells w ere found  to  be  de tached  
from  th e  su rface  of flask  (seen a s  ro u n d ed  free floating  cells w hen  
view ed u n d e r  a n  in v e rted  m icroscope). To e ac h  flask , 5 m l of 
M EM /FCS w as added an d  the  su sp en s io n  p ipetted  two to th ree  tim es 
to  give r ise  to a  sing le  cell su sp e n s io n . To d e te rm in e  th e  cell 
co n cen tra tio n , 100|xl of su sp en s io n  w as m ixed w ith  9 .9  ml of iso to n  
so lu tio n  a n d  c o u n te d  in  a  c o u lte r  c o u n te r  (m odel D) u s in g  th e  
follow ing se ttin g s: T hresho ld= 20 ; A ttenuation= 8 ; A pertu re  c u r re n ts  
0 .017. T he com position of routinely  u se d  so lu tions is described below:
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(a) Eagles m inim um  essen tia l m edium  (MEM)
100 m is M inim um  essential m edium  ( xlO  concen tra te  Gibco)
10 m is Penicillin + Streptom ycin,
10 m is G lutam ine
10 m is N on-essential m edium  (Gibco)
30  m is Sodium  bicarbonate 
840 m is double-distilled w ater
(b) T rypsin /E D T A
T rypsin  (Difco) 0 .05  % w ith  0.7 mM EDTA (BDH) in  P h o sp h a te  
Buffered Saline.
(c) Trifluorothym idine supp lem ented  m ed ium  (TFT/MEM) 
C rystalline trifluoro thym idine (trifuorothym ine deoxyriboside. Sigm a) 
w as w eighed a n d  dissolved in distilled w ater followed by  filtra tio n  
th ro u g h  a  m illipore filter (0.22 jiM, Flow labora to ries). To give th e  
final w orking  c o n ce n tra tio n  of 3pg /m l, the  s to ck  w a s  d ilu te d  in  
M EM /FCS. All TFT su p p lem en ted  so lu tions w ere p ro te c te d  from  
flourescen t light.
(d) H A T -supp lem ented  m edium  (HAT/MEM)
HAT m edia su p p lem en t (50x concentrate, Flow Lab.) w as d ilu ted  in  
M E M /FC S to give Ix  c o n ce n tra te  so lu tio n  w ith  th e  follow ing 
co m p o sitio n : h y p o x a n th in e  (lOOjxM), a m in o p te r in  (0.4pM ) a n d  
thym idine (16 |iM).
(e) 6-thioguanine supp lem ented  m edium
A stock  so lu tion  of 6 -th ioguanine (2-am ino-6-m ercaptopurine, Sigma) 
w as p repared  by  dissolving in HESS followed by  m illipore filtra tio n  
(Flow Lab.). The final working concentration of Ijiig/ml w as ob tained  by 
subsequently  dissolving in MEM/FCS.
(f) H ank's Balanced Sa lt Solution (HESS).
0.14M  NaCl (8.0g/l), 5.4m M  KCl (0.4g/l), 0 .34m M  N a2 H P O 4 .2 H 2 0  
(0 .06g /l), 0.44m M  KH2 PO 4  (0.06g/l), 6 mM MgSO4 .7 H 2 0  (1 .5g /l), 
5.6mM  D-Glucose (lg/1), 4.2mM NaHCOa (0.35g/l). (All BDH).
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(g) H ank 's  B alanced Salt Solution (modified) + BSA,
HBSS (see above) + 1 %  (lOg/1) Bovine Serum  A lbum in (Fraction V). 
(BDH). (designated - HBSS/BSA)
(i) Fetal ca lf serum  (FCS)
For th e  grow th of cell cu ltu res and  m utageneisis experim ents, no rm al 
m edium  (MEM) supplem ented w ith 10% fetal calf se rum  w as used . All 
b a tch es  of FCS were tested  to give a  high p lating  efficiency and  a  low 
sp o n tan eo u s induced  m utation  frequency before u sing  a  b a tc h  for th e  
m u ta tion  a ssa y  (Source of FCS: N orthum bria Biological Ltd)
2.3  X-irradiation
Cell cu ltu res  were irradiated a s  m onolayers in  flasks (25 an d  75 
cm2) a t room  tem peraure . F lasks were placed in a  horizontal position  
during  irrad iation . An equal dose w as confirmed w hen using  two flasks 
(25 cm2) in  th e  irrad iation  jig using  a  ferrous su lp h a te  dosim eter T he 
source of X -rays w as a  Siemens S tabilipan  se t operated  a t  250 kV and  
14 mA w ith  0 .5  m m  Cu filtration. The dose ra te  of 0 .75  G y /m in  w as 
confirm ed u sin g  a  ferrous su lphate  dosim eter (Frankenberg, 1969).
2.4 Mutation assay
2.4.1 General m utation assay
As any  o th e r  m u ta tio n  assay, th is  a ssay  can  be divided in to  th ree  
separa te  parts :
(a) The first p a r t  involves the exposure of cells to a  po ten tia l m u tagen  
or well defined m utagen  e.g X-rays.
(b) The second  p a r t  is defined a s  the  expression  period. T his is th e  
tim e w hich is required  for the genomic dam age to effectively a lte r th e  
gene p ro d u c t w hich  is then  assayed  for to de te rm ine  th e  in d u ced  
m u ta tion  frequency.
(c) The final p a r t  involves plating o u t of the  m utagenised  population  of 
cells in  a  se lec tion  m edium  w hich norm ally  c o n ta in s  a  tox ic-d rug  
analogue of th e  norm al gene product. A sim ultaneous viability a ssay  is 
also carried  o u t a t th is  point to allow the expression of m u ta tion  as the  
in d u ced  m u ta tio n  frequency per survivor. T hese s te p s  have  b een  
sum m arised  in  figure 2.1.
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M utagen
E xpression  period (4 days)
T rypsinise
M utation assay Viabilty a ssay
TK- mutant colory Viable colony
Cells seeded in  TFT (Sitg/ml) 
supp lem en ted  m edium
Cells seeded in  norm al m edium  (MEM)
12 days INCUBATE AT 37^C 8 days
Fix, sta in  and count colon ies
F igure  2 .1 . S u m m ary  of th e  s te p s  involved in  th e  iso la tion  of tk~ 
m u ta n t  cells following tre a tm e n t of h a m s te r  cells w ith  a  specified 
m utagen.
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D u rin g  th e  c o u rse  of th e  p ro jec t, d ifferen t t re a tm e n ts  w ith  th e  
m u ta g e n s  w ere carried  o u t hence each  trea tm e n t is  described  in  the  
re sp e c tiv e  c h a p te r s  u n le s s  o th erw ise  m en tio n e d . H ow ever, th e  
p ro c e d u re  following th e  tre a tm e n t w as n ea rly  id en tica l in  a ll th e  
experim en ts hence  is described  below.
Following th e  exposure  of th e  cells to th e  m u tag en , th e  cells 
w ere seeded  in  75 cm2 flasks (Sterlin) an d  in cu b a ted  a t  37°C for 4 
days expression  tim e. T his tim e w as found to re p re se n t th e  op tim um  
tim e for th e  recovery of tk -  m u ta n t  cells. D uring  th e  c o u rse  of th e  
exp ress ion  period, cells were m ain ta ined  in  th e  exponen tia l p h a se  of 
g row th  by  p a ssa g in g  co n flu en t cell c u ltu re s . A fter th e  ex p ress io n  
period , cells w ere try p sin ised  a n d  p la ted  o u t a t  a  co n cen tra tio n  of 
lO^-lO® cells p e r d ish  (10 cm, Sterlin) w ith  10 m l of MEM/TFT, the  
TFT d ilu ted  dow n from  the  stock  to  the  w orking co n cen tra tio n  of 3 
p g /m l. This concen tra tion  w as found  to m axim ize th e  recovery of the  
tk-  m u ta n t  cells. D ishes were in cu b a ted  for 12 days in  a n  hum idified  
In cu b a to r a t  37°C w ith  5% CO2 in  a ir. After th is  period, colonies were 
fixed a n d  s ta in ed  w ith  G iem sa s ta in  (BDH Ltd) before co u n tin g  th e  
n u m b er of TFT^ colonies.
2 .4 .2  Calculation o f  induced m utation frequencies
M utation  frequencies in the  contro l cell popu lations were calcu lated  a s
follows:
M
' ' o
W here Nq is th e  n u m b er of spon taneously  induced  m u ta n t colonies in  
th e  con tro l cell p opu la tion , Vo is  th e  n u m b er of viable cells in  th e  
sam e  u n irrad ia ted  popu lation  a t  th e  tim e of m u ta n t  selection , Mq is 
th e  m u ta tio n  freq u en cy  p e r  v iab le  cell (or p e r  surv ivor) in  th e  
u n irrad ia ted  population.
Sim ilarly, th e  m u ta tio n  frequency in  th e  trea ted  cell popu la tions w ere 
calcu lated  a s  follows:
X
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W here , Nx is th e  n u m b e r of m u ta n t co lon ies in  th e  tre a te d  cell 
p o p u la tio n , Vx is the  n u m b er of viable cells in  th e  sam e trea ted  cell 
popu la tion  determ ined a t  th e  tim e of m u ta n t selection, a n d  Mx is the  
in d u ced  m u ta tio n  frequency  p e r viable cell (or p e r survivor) in  th e  
trea te d  cell population .
Hence th e  n e t induced  m u ta tio n  frequency is given by:
Mx - Mo
2.4 .3  Viability a ssa y
After th e  4 days expression  period, tryp is insed  cell su sp en s io n s  w ere 
d ilu te d  dow n in  M E M /FC S to give 100-200  cells p e r  5cm  d ish  
supp lem en ted  w ith  5 m l M EM /FCS. D ishes w ere in cu b a ted  for 8 days 
in  a n  hum idified  in cu b a to r  a t  37°C w ith  5% CO2  in  a ir  before fixing
an d  coun ting  the  n u m b er of viable colonies.
2 .5  Survival assay
A ssay  of su rv iva l w as perform ed in  o rd er to d e te rm in e  th e  
re la tiv e  X -ray  se n s itiv ity  a lo n e  o r in  c o m b in a tio n  w ith  o th e r  
trea tm e n ts . For th is , su b -c u ltu re s  of 2 x  10^ cells in  5 m l M EM /FCS 
were se t u p  in  25 cm2 tissu e -cu ltu re  flasks. F lasks were irrad ia ted  a t  a  
dose ra te  of 0 .75  G y /m in  to  a tta in  the  requ ired  dosage. Im m ediately 
a fte r irrad ia tion , cells w ere appropria te ly  d ilu ted  a n d  p la ted  o u t in  5 
cm  pe tri d ish es (Sterlin) w ith  5 ml of fresh  M EM /FCS. F o r each  dose 
po in t, a t  lea st th ree  d ishes w ere plated. The d ishes were in cu b a ted  in  
a n  hum idified  in cu b a to r a t  37°C w ith 5% CO2 in  a ir for 8  days. After 
th e  rem oval of m edium , colonies were fixed and  coun ted  a s  described  
in section  2.3.4.
N ote: For aU experim ents, i t  w as im portan t no t to  move d ish es while 
in c u b a tin g  d u rin g  colony fo rm ation  s in ce  th is  w ould  a d d  to  th e  
form ation  of satellite  colonies w hich arise  a s  a  re su lt of m igra ting  cells 
w hich  rea ttach  a t  a  different p a r t  of the  d ish  giving rise to  a  colony.
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2.6 Fixing and staining colonies
M edium  w as poured  o u t of d ishes followed by  gen tly  r in s in g  |
twice w ith  buffer pH 6.4  (Sorenson buffer). After allowing d ish es to a ir 
diy , colonies were fixed by m ethanol for 15-30 m in u tes . D ishes w ere 
allowed to  dry  before add ition  of a  concen tra ted  so lu tio n  of G iem sa 
s ta in  w hich w as left for 30 m inutes. The sta in  w as w ashed off by  gently 
d ip p in g  d ish e s  in  w a te r and  allowed to  d ry  before  c o u n tin g  th e  
n u m b e r of colonies. For all clonogenic a ssay  (m utation , v iability  a n d  
survival), colonies with m ore th a n  approxim ately 50 cells w ere scored .
In itial observations of colony size were determ ined u n d e r  a n  inverted  
m icroscope a fte r w hich colonies were scored (> 50  cells) b a se d  on  
experience .
2 .7  Isolating m utant colonies
1M edium  from d ishes w as slowly asp ira ted  an d  colonies r in se d  tw ice w ith  serum -free m edium  to remove loose cells w hich  a rise  a s  a  
re su lt of m oving the  d ishes from the incubator. A d is tin c t colony w as 
encircled  w ith a  m arker pen  on the bottom  of the  d ish . E ach  colony 
w as rem oved by simply scraping  the  encircled colony w ith  th e  tip  of a  
G ilson p ipette  while sim u ltaneously  applying a  su c tio n  ac tion . T h is 
m ethod  h a s  been  found to effectively isolate cells w ith  little  dam age. ■
T he cell su sp e n s io n  re su sp e n d e d  in 25  cm^ fla sk s  w ith  5 m l 
M EM /FCS. F lasks were incubated  a t 37®C to allow th e  fo rm ation  of a  
ce llu la r m onolayar after w hich cells were frozen and  sto red  in  liqu id  
n itrogen .
O u t of the  m u ta n t colonies iso lated , two tk -  m u ta n t  c lones w ere 
sub seq u en tly  u sed  to rep resen t prototype tk- m u tan t cells:
(a) TK 4: A tk-  m u tan t cell line isolated following exposure  of CHO KI 
cells to 4  Gy of X-rays
(b) x r s  (tk-): A  tk- m u tan t cell line isolated following exposure  of xrs  5 
cells to 2 Gy of X-rays.
i
-
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2.8 Freezing cells for storage
E xponentia lly  growing cells w ere trypsin ised  and  ressu p en ed ed  
in  M EM /FC S to give a  h igh  cell c o n ce n tra tio n  (10®-10^ ce ll/m l). 
S u sp e n s io n s  w ere p ipetted  th ree  to fou r tim es to give a  single cell 
su sp en s io n . Cells w ere re su sp e n d ed  in  D im ethysulfoxide (DMSO) to  
give a  f in a l DMSO c o n c e n tra tio n  of 10%. S am p les (1 ml) w ere 
tran sfe rred  in to  freeze vials, capped  an d  im m ediately tran sfe rred  to a  
-70°C freezer. The vials of th e  frozen cells were tran sfe rred  to a  liquid 
storage ta n k  after 24 h r.
<4
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3.1  Introduction
T h is  c h a p te r  is  b ro ad ly  d iv ided  in to  tw o p a r ts .  T he f irs t 
describ es  developm ent of cond itions necessary  for th e  in duction  an d  
th e  su b s e q u e n t se lec tio n  of T F T -resis tan t m u ta n ts  {tk-) w hile th e  
second  p a r t  describes experim ents an d  resu lts  to confirm  th e  loss of 
activ ity  of the  gene p ro d u c t i.e. thym idine k inase  in  th e  iso lated  tk-  
m u ta n t  clones th u s  confirm ing a  genetic b asis  for th e  selected TFT- 
re s ls ta n t  colonies rep re sen tin g  the  tk -  phenotype. F o r all m am m alian  
m u ta tio n  assays cu rren tly  used , it is  im portan t to optim ize conditions I
for a  p a r tic u la r  sy s te m  d u e  to th e  variab les involved e.g. grow th 
m ed iu m , se ru m  b a tc h  a n d  d ifferences due to  cell type. T here  is 
in c re as in g  evidence su g g estin g  th a t  inadequate  cond itions for b o th  
cell c u ltu re  an d  m u ta n t  se lection  a re  responsib le  for th e  conflicting 
d a ta  p roduced  in  d ifferen t labo ra to ries (DeMars, 1974., S im inovitch,
1976). Hence it w as im p o rtan t to estab lish  the op tim um  conditions for 
th e  C H O /tk  m u ta tion  a s sa y  since previous s tud ies  (Clive e t al, 1972.,
R oufa e t al, 1973) have found the  isolation of CHO tk- m u ta n ts  difficult 
in  cu ltu red  m am m alian  cells. This is due to the hom ozygous n a tu re  of 
m o st autosom ally  located  genes su c h  as  the  tk  in  th e  p a re n t wild-type 
cell lin es , th u s  m ak in g  th e  iso la tio n  of recessive m u ta tio n s  very  
d ifficu lt in  d iploid cells. T h is in  tu r n  h a s  lim ited  th e  n u m b e r of 
b iochem ical s tu d ies  u s in g  tk-  m u ta n t  phenotypes (Clive an d  Voytek,
1977 ., Clive e t al, 1979). D esp ite  th e  above d raw b ack s of u s in g  
a u to so m a l loci, som e s tu d ie s  have  successfu lly  iso la ted  recessive  
m u ta tio n s  u sin g  rep e a te d  m u tag en ic  and  selective s te p s  (Kit e t al,
1963., Littlefield an d  S arker, 1964., Breslow and  Goldsby, 1969., C hu  
an d  Ho, 1970). Som e of th is  w ork is m ade easier due  th e  high degree 
of aneuplo idy  in the  h a m s te r  cell lines w hich h a s  resu lted  in  n a tu ra lly  
occu ring  cell lines w hich  a re  hem izygous or heterozygous for the  tk  
lo cu s  (Sim inovitch, 1976), T h is hem izygosity  cou ld  be  d is tr ib u te d  
th ro u g h o u t the  genom e o r restric ted  to a  few chrom osom es.
A lthough w ild-type CHO cells a re  diploid in  n a tu re , Deaven and  
P e te rso n  (1973) su g g ested  th a t  som e lines m ay n o t be functionally  
diploid a n d  th a t  som e of th e  genes are  p re sen t in  th e  hem izygous 
s ta te . S u ch  a  fu n c tio n a l hem izygosity  of certa in  g en es could have 
re su lted  during th e  evolution of th e  CHO cell line, hence  the  karotype
I
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h a s  evolved a s  a  re su lt of chrom osom al ch an g es  a n d  n u c leo tid e  
rea rrangem en ts. There Is increasing evidence th a t  th e  CHO cells have 
becom e functionally  hemizygous for certa in  genes d u rin g  evolution of 
th is  line in  cell cu ltu re . In co n trast to the  lim ited d a ta  u s in g  th e  t k  
locus, m ost of th e  m uta tion  da ta  involves genes on th e  X -chrom osom e 
w hich  is functionally  m onosom ie in  diploid cells irrespective  of th e ir  
sex u a l orig in  acco rd ing  to th e  X -chrom osom e in ac tiv a tio n  th eo ry  
(Russell, 1961).
For a cc u ra te  quantita tive  de term ination  of m u ta tio n  ind u ctio n  
m easu red  by resistance  to a  drug analogue, in th is  case  TFT resistance, 
th e  optim um  conditions for the isolation of stab le  tk -  m u ta n ts  h ad  to 
be  e s tab lish ed  before th e  induced  m u ta tio n  freq u en c ie s  could  be 
valid ly  a sse sse d . T hree m ain  fac to rs are  found  to  in flu en ce  th e  
recovery of p resu m p tiv e  m u ta n ts  in  an y  m u ta tio n  a s s a y  nam ely: 
expression  tim e, cell density  and  concen tra tion  of th e  se lec tion  d rug  
(Chu an d  Mailing, 1968).
(a) E xpression  tim e
T his is defined a s  the  tim e after trea tm en t w ith  a  m u ta g en  requ ired  
for th e  cytoplasm ic dilution of the  gene p ro d u ct in  th e  cy top lasm  (in 
th e  p re sen t case, the  enzyme thym idine kinase) hence  m axim izing th e  
recovery of m u ta n t cells. This tim e delay (num ber of cell d iv isions 
after trea tm en t) is  im portan t since the  wild type cell popu la tion  have 
th e  enzym e rem ain ing  from the p rem u ta ted  condition  w h ich  m u s t be 
u sed  u p  to  give rise  to an  enzym eless cell popu la tion . D uring  th is  
period, th e  dam age induced  in the  m u ta n t cells is fixed in  th e  DNA 
an d  th e  level of the  wild-type enzyme (thym idine k inase) an d  mRNA 
coding for the  enzyme decreases to allow m axim um  expression  of th e  
m u ta n t  p h en o ty p e . It is  im p o rta n t to  d e te rm in e  th e  o p tim u m  
e x p re ss io n  tim e since  som e e a rlie r  s tu d ie s  on  m a m m a lia n  cell 
m u tag en esis  show ed th a t  the  induced  m u ta tio n  frequency  follows a  
ty p ica l p a t te rn  i.e . an  in c re a se -o p tim u m -d ec rea se  (B ridges a n d  
Huckle, 1970., C am bray et al, 1987., C hu and Mailing, 1968) m easured  
a s  a  function  of increasing  tim e. The k inetics of th e  exp ression  tim e 
curve pose a  problem  to determ ine the  right expression  tim e for a
.  . . .  . . .  . 
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p a rticu la r m u ta tion  assay. An early expression tim e w ould re su lt in  a n  4
u n d e re s tim a tio n  of th e  induced  m u ta tio n  frequency w hile a  longer 
expression  tim e resu lts  in  the  m u ta tion  frequency being deduced  from  
th e  'decreasing ' p a r t  of the  curve w here the  viability  of th e  m u ta n t  
p o p u la tio n  is  decreasing  due to th e  selective d isad v an tag e  of th e  
m u ta n t  cell p o p u la tio n  com pared  to  th e  wild type n o n -m u ta te d  
population. |
To overcome these problem s, it h a s  become im p o rtan t to define |
th e  ex p ress io n  tim e for a  specific m u ta tio n  a ssa y  w ith  th e  u se  of 
a p p ro p ria te  experim en ta l sc h ed u le s  (A bbondandolo e t al, 1976 .,
Carver e t al, 1976., Fox, 1975., Hsie e t al, 1975., Myhr an d  Di Paolo, 4
1975., V an-zeeland and  Sim ons, 1976). A nother p roblem  asso c ia ted  |
w ith  expression  tim e is its dependence on dose (Arlett a n d  H arcourt,
1972a) w hich  w ould give rise to different experim ental sch ed u les  for 
cells exposed to  different doses of rad iation .
C u rren tly , th e  m o st w idely u se d  m u ta tio n  a s s a y  involves 
re s is tan ce  of C hinese h am ste r V79 cells to 6 -th ioguan ine  m easu rin g  
induced  m u ta tio n  frequencies a t the  hprt locus. D espite the  extensive 
m u ta tio n  d a ta  involving th is  locus, the  different optim um  expression  
tim es u sed  (table 3.1), highlight bo th  the  problem s an d  im portance  to  
determ ine the  optim um  expression tim e for a  specific m u ta tio n  a ssa y  
in a  particu la r laboratory.
i l
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Cell line Target locus E xpression  tim e 
(days)
Reference
V79 hprt 2 T hacker e t al, 1977
V79 hprt 7 Nikado and  Fox, 1976
V79 hprt 8 Vrieling e t al, 1985
V79 hprt 9 Fuscoe e t al, 1986
Table 3.1. The expression tim e u sed  in  the Chinese h a m s te r  V79 cells 
to  isolate m u tan ts  a t the  hprt locus in  different laboratories.
(b) Cell density
The n u m b er of cells p la ted  o u t in  the  selection m edium  have b e en  
know n to influence the  recovery of presum ptive m u tan t cells (Chu an d  
M ailing, 1968). In an  early  investigation, H arris (1968) observed  a n  
increase  in  the  frequency of spon taneously  induced m u ta tio n s  in  pig 
k id n e y  cells (m ea su red  by  re s is ta n c e  to  p u ro m y cin ) w ith  a  
co rrespond ing  increase  in  n u m b er of cells seeded in  th e  se lec tio n  
m edium . He a ttrib u ted  th is  to a  'feeder-layer effect' in  w hich  th e  h igh  
cell density  w as th o u g h t to provide conditions w hich en h an ced  b o th  
th e  grow th and  recovery of m u ta n t cells. However, evidence a g a in s t 
th is  hypothesis w as provided by C hu and Mailing (1968) who show ed 
th a t  the  n u m b er of m u ta n ts  de tected  per dish  decreased  beyond  a  
c e r ta in  cell c o n c e n tra tio n . T h is  su g g ested  th a t  th e  c ro w d ed  
cond itions in  th e  se lec tion  m edium  ra th e r  provide a  feed er-lay er 
effect' im paired the recovery of m u ta n t cells.
T h is c e ll-c o n c e n tra tio n  d e p e n d e n t p h en o m en o n  h a s  b e e n  
suggested  to be a s  a  re s u lt  of m etabolic co-operation , a n  energy  
independen t process (Cox e t al, 1972) betw een the  m u ta n t  a n d  wild 
type cells which reduces the  recovery of the potential m u ta n ts  (Subak- 
S harpe  et al, 1969). This phenom enon is thought to arise a s  a  re su lt of 
cell-cell co n tac t observed a t  h igh  cell densities (Cox e t  al, 1970) 
w hich h as  been show n to facilitate the exchange of nucleotides, mRNA
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or enzym es acro ss the  cell m em brane (Ashkenazi a n d  G artler, 1971., 
Cox et al, 1970, 1972., Fujim oto and  Seegmiller, 1970). D uring  th e  
cell con tact, ev iden t a t  h igh  cell densities, th e  m u ta n t  cell w ould  
regain  som e of th e  gene p roduct from the  wild type cell popu la tion . 
T his would allow th e  m u ta n t cell to  incorporate  th e  toxic se lec tion  
d rug  as a  re su lt of th e  transferred  enzyme w hich w ould lead  to its  cell 
d e a th , th u s  giving rise  e rro rs  in  th e  e s tim a tio n  of th e  in d u c e d  
m uta tion  frequency.
(c) Selection drug concentration
The optim um  d rug  concen tra tion  is one w hich selectively kills w ild- 
type cells while allowing m u ta n t cells to survive w ith  a  h igh  efficiency. 
The u se  of too high  a  concentra tion  would resu lt in  d e a th  of m u ta n t  
cells as  a  re su lt of d rug  toxicity, while a  low concentra tion  would allow 
th e  growth of wild-type cells. This would resu lt in  a  decreased  viability 
of the  m u ta n t cell population  due to their selective d isadvantage. B oth  
the  type and  concentra tion  of the  selection drug shou ld  rap id ly  inh ib it 
cell division in the  non-m utagenised  cell popu lation  to  e lim inate  th e  
process of m etabolic co-operation.
3 .2  M aterials and m ethods
3 .2  (a) Optmum conditions for the C H O /tk  m utation assay
This section describes experim ents perform ed to determ ine  th e  th re e  
m ain  p a ra m e te rs  described  above w hich in fluence th e  recovery  of 
m u ta n t cells: expression  tim e, TFT concentra tion  an d  cell density  in  
selection m edium .
3 .2 .1  Optim um  expression  time
To d e te rm in e  th e  o p tim u m  ex p ress io n  tim e, fo u r in d e p e n d e n t 
sam ples were se t u p  w hich included a  control (unirradiated) and  th ree  
sam ples exposed to  different X-ray doses (2,4 and  6 Gy). For each  
sam ple, six 75 cm^ (Sterlin) flasks were se t up  w ith densities of CHO 
K1 cells ranging from 2 xlO ^-2 x  10® cells per flask, th e  n u m b er being
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d ep en d en t on bo th  the  dose an d  expression  tim e a fte r w hich cells a re  
p la ted  in  th e  selec tion  d rug . Cells w ere exposed  a s  m onolayers to  
varying X-ray doses a s  a lready described  in section  2.3. One flask  from 
e a c h  sam ple  w as p la ted  o u t Im m edia te ly  a fte r  irrad ia tio n  fo r th e  
m u ta tio n  a ssay  (section 2.4) w hile o th ers  w ere in cu b a ted  a t 37°C for 
th e  d ifferen t ex p ress io n  tim es (1-5 days) before try p sin iz in g  a n d  |
p la tin g  o u t in  TFT/M EM  an d  M EM /FCS (for th e  v iability  assay) to 
exp ress the  induced  m u ta tio n  frequencies a s  a  function  of expression  
tim e.
3 .2 .2  D eterm ination o f  optim um  TFT concentration fo r  selection o f  tk- 
m u ta n t cells:
T he  o p tim u m  TFT c o n c e n tra tio n  is re p re se n te d  by  a  m in im u m  
c o n ce n tra tio n  w hich  effectively e lim inated  th e  grow th  of the  p a re n t  
CHO KI cells. Hence, a n  experim en t w as perform ed to determ ine th e  
re la tiv e  c lon ing  efficiency of CHO KI cells a s  a  fu n c tio n  of TFT 
concen tra tion . For all th e  experim ents, TFT w as fresh ly  p repared  an d  
p ro tec te d  from  flu o re sc en t ligh t u s in g  a lu m in iu m  foil. T he s to c k  
so lu tio n  of TFT (1 m g/m l) w as d ilu ted  down to  give th e  various final 
c o n c e n tra tio n s  ran g in g  from  b e tw een  0 .0 1 -3 0  p g /m l in  n o rm a l 
M E M /F C S m ed iu m . E x p o n en tia lly  grow ing CHO KI ce lls  w ere  
try p s in ised  an d  d ilu ted  dow n to give approx im ate ly  200 -6 0 0 0  cells 
p e r  10 cm  d ish  (Sterlin). The n u m b e r of cells p la ted  p e r d ish  w as 
d ep en d en t on  th e  concen tra tion  of TFT e.g 200  c e lls /p la te  w ith  0.01 m
p g /m l an d  6000  ce ll/p la te  w ith  30  p g /m l TFT/M EM . Triplicate p la tes  
w ere seeded for each  dose po in t w hich  were in cu b a ted  for 10 days a t  
37°C in a  hum idified in cu b a to r w ith  5% CO2 in  air. D ishes w ere fixed J
a n d  s ta in e d  (sec tion  2.7) befo re  e v a lu a tin g  th e  re la tiv e  c lo n in g  |
efficiency of CHO KI cells a s  a  function  of the  TFT concentra tion . %
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3 .2 .3  O ptim um  cell plating den sity
To d e te rm in e  th e  o p tim u m  cell p la tin g  d e n s ity  in  th e  se lec tio n  
m ed ium  (TFT/MEM), a  tk- m u ta n t  cell line iso lated  in  a  p relim inary  
experim ent designated  a s  TK4 (described in  section  2.7) w as u se d  a s  a  
p ro to ty p e  t k -  m u ta n t  cell fo r a  r e c o n s tru c t io n  e x p e rim e n t.
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E x p o n en tia lly  grow ing  TK4 ce lls  (m a in ta in e d  a n d  p a ssa g e d  in  
MEM/FCS) w ere seeded a t  150 cells p e r 10 cm  pe tri d ish  (Sterlin) in  
th e  p resence  of in c reas in g  co n cen tra tio n  of CHO KI w ild type cells 
(1 0 3 -1 0 ? ) ' T he  d ish e s  w ere su p p le m e n te d  w ith  10 m l TFT/M EM  
m ed ium  (TFT: 3pg/m l) an d  in cu b a ted  in  a n  hum idified  in cu b a to r a t 
37°C for 10 d ay s before fixing a n d  co u n tin g  th e  n u m b e r of m u ta n t 
colonies. As a  control, 150 TK4 cells a lone w ere seeded  in  M EM /FCS 
an d  TFT/M EM  m edium .
3 .2  Cb) A nalysis o f tk -  m utants
T his section  describ es  experim en ts perform ed to  confirm  th e  loss of 
th y m id in e  k in a s e  a c tiv ity  in  th e  t k -  m u ta n t  ce lls . In  all th e  
ex p erim en ts  d e sc rib e d  below, th e  m u ta n t  line  TK4 w as u sed  to  
rep resen t a  tru e ' tk- m u ta n t phenotype u n le ss  otherw ise indicated.
3 .2 .4  DNA syn thesis  a ssay
U nlabelled exponen tia lly  growing CHO KI a n d  TK4 cells w ere d ilu ted  
down to a  concen tra tion  of 5 xlO ^ cells/m l. From  th is  dilu tion, 1 m l of 
cell su sp e n s io n  w as p laced  in  V -tu b es (Sterlin) a n d  in cu b a te d  in  
w a te rb a th  se t  a t  37°C an d  allowed to  equ ilib ra te  for 3 0  m in u tes  (5 
tu b e s  se t u p  for bo th  cell lines). In all except th e  contro l tubes , 100 pi 
(IpCi) of 3HTdR w as sq u irted  in to  cell su sp en s io n  a n d  in cu b a ted  for 
v a rio u s tim es (10-40 m inu tes) to  allow u p ta k e  of rad ioactiv ity . After 
th e  requ ired  in c u b a tio n  tim e, th e  rea c tio n  w as te rm in a te d  by  th e  
addition  of 5 m l ice cold saline  forcefully to each  sam ple  placed on ice. 
W hen all th e  sa m p le s  h a d  a c c u m u la te d  on  ice, th e  tu b e s  w ere 
centrifuged, th e  s u p e rn a te n t a sp ira ted  an d  pellet vortexed. T his w as 
followed by add ition  of 1 m l of 0.03M  NaOH to  lyse th e  cells followed 
by  1.5 m l of 0 .62M  T rich lo roace tic  ac id  (TCA) 10 m in u te s  la te r . 
Sam ples w ere sto red  overn igh t a t  4°C to allow p rec ip ita tion  of DNA. 
The sam ples w ere vortexed before collecting DNA onto  a  25 m m  glass 
fibre-filter (W hatm ann) soaked  in  0 .3  IM  TCA so lu tion  u s in g  a  suc tion  
u n it. F ilters w ere r in se d  tw ice w ith  ice-cold 0 .31  M TCA a n d  once 
w ith  ice-cold e thano l before tran sfe rrin g  in to  to  sc in tilla tion  vials. To 
each  vial, 4  m l of sc in tilla tio n  cock tail (O p tiphase  MP, LKB) w as
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added , sam p les  m ixed a n d  th e  rad ioactiv ity  p e r  filte r d e te rm ined  
u sin g  a  LKB 1214 R ack b e ta  liquid scintillation counter. |
3 .2 .5  Spontaneous reversion o f  tk- m utants
E xponentially  growing TK4 m u ta n t cells w ere try p sin sed  a n d  d ilu ted  
dow n in  M EM /FCS to give approx im ate ly  lO^-lO® cells p e r 10 cm 
perti d ish  supp lem en ted  w ith  10 ml HAT/MEM m edium  for reversion 
an a ly sis . As a  contro l, 200  TK4 cells w ere p la ted  in  M EM /FCS to |
de term ine the  n u m b er of survivors. As a  second  contro l to  check  for 
th e  selection conditions, 200  CHO KI cells were p la ted  in  HAT/MEM 
m edium  in  5 cm  d ishes. All d ishes were in cu b a ted  for 8 days before g
fixing and  coun ting  the  n u m b er of tk^  rev e rtan t colonies.
3 .2 .6  Growth characteristics o f  tk- m utant cells in com parison to CHO 
KI cells '\E xponentially  growing TK4 and  CHO KI cells were trypsin ised  and  cell
co n ce n tra tio n  de te rm ined . Cells w ere seeded  a t  app rox im ate ly  10^ %
cells p e r 5 cm  p e tri d ish  supp lem en ted  w ith  5 m l of e ith e r norm al 
m edium  (MEM/FCS), TFT/M EM or HAT/MEM an d  in cu b a ted  a t  37°C. : |
A fter every 24  h r, cells from  one d ish  w ere try p sin ised  a n d  the  cell |
co n cen tra tio n  de te rm ined . i
3 .2 .7  Stability o f  m utant cells (colony assay)
B oth  TK4 an d  CHO KI cells w ere seeded a t  200  cells p e r 5 cm pe tri 
d ish  in  the  p resen ce  of e ither norm al or TFT/M EM  m edium . D ishes 
w ere incubated  for 8 days a t 37°C before fixing, s ta in in g  an d  counting 
the  nu m b er of viable colonies.
3 .2 .8  Autoradiography
T he role of th e  th y m id in e  k in ase  in  th e  u p ta k e  of e x tra ce llu la r  
thym idine d u ring  DNA syn thesis  form ed th e  b as is  of a  sensitive te s t to  
d e te rm in e  th e  lo ss  of enzym e activ ity . U p take  of a  rad ioactively  
labelled nucleotide analogue (^HTdR) du ring  DNA sy n th esis  v isualised
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by  th e  form ation of silver g rains in  a  photographie em ulsion  w as u sed  
to verify th e  p re sen c e /a b se n ce  of thym idine k inase  activity in  th e  tk- 
cells. ÏI
3 .2 .8  a  Labelling cells w ith  radioactivity
For each  cell line (TK4 an d  CHO KI), th ree  25  cm^ flasks w ere seeded 
a t  a  d en sity  of app rox im ate ly  2 xlO ^ cells. F la sk  w ere labelled  a s  
con tro l, TFT + ^HTdR a n d  MEM + ^HTdR sam p le s  a n d  in c u b a te d  
overn igh t a t  37®C in  5 m l m edium . A stock  so lu tion  of ^HTdR w as |  
d ilu ted  down in  distilled w a ter to give a  con cen tra tio n  of 0.1 pC i/p l.
To e ac h  flask  (except control) 10 pi of th e  d ilu ted  rad ioactiv ity  w as 
added  to give th e  final w orking activity of IpCi. The flasks w ere gently 
sh a k e n  to allow the  rad ioactiv ity  to  m ix before fu r th e r  in cu b a tin g  for 
24  h r  a t  37°C to  allow u p take  of th e  label.
3 .2 .8  b  Preparing slides fo r  autoradiography using  the  cytospin  m ethod  
C e lls w ere try p s in ise d  a n d  re su sp e n d e d  in  fre sh  MEM (w ithou t 
se rum ) an d  cen trifuged  for 5 m in u tes  a t  1000 rpm . S u p e rn a te n t w as 
a sp ira te d  a n d  pellet re su sp e n d ed  by  tapp ing  V -tubes (repeat twice). 
Cells were finally resu sp en d ed  in  MEM ( w ithou t serum ) to give a  final 
c o n c e n tra tio n  of 10® ce lls /m l. S am ples w ere loaded  in to  cy tosp in  
b u c k e ts  and  sp u n  in  cy tospun  for 10 m inu tes a t  800  rpm  (Shandon, 
C y tosp in  Model II). Slides were allowed to d ry  in  a ir  before fixing for 
10 m in u te s  in  m ethanol.
3 .2 .8  c Developing and  fix ing
T h is  p rocedu re  w as carried  o u t in  a  d a rk  room  w ith  a  15 W lam p 
covered w ith  a  light brow n safelight filter (Ilford 902). K2 E m ulsion  in  
gel form  (Ilford N uclear R esearch) w as placed in  a  50 m l m easu rin g  
cy linder a n d  m elted  by  in cu b a tin g  in  a  w a te rb a th  se t a t  45*^C. The 
a m o u n t of em ulsion  dissolved depended on  th e  n u m b er of slides to be 
d ipped  (in m ost case, a  final d ilu ted  volum e of 40-50  m l w as found to 
be sufficient). A fter a  period  of 2 0  m in u te s  (time requ ired  for th e  
em u ls io n  to  m elt), an  equal volum e of 1% glycerol w as ad d ed  an d
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m ixed w ith  th e  em ulsion  by  pouring  it b a ck  an d  fo rth  in to  a  clean 
s ta in in g  ja r . T his solution w as fu rth er in cu b a ted  in  th e  w a te rb a th  for 
a n  ad d itio n a l 15 m in u tes  to  remove an y  a ir  b u b b les  p re se n t in th e  
em ulsion  so lu tion  before pouring  into a  clean sta in ing  vessel.
E ach  slide w as dipped once for ab o u t 1 second in  th e  em ulsion , 
th e  reverse  side wiped w ith  a  c lean  tis su e  a n d  stood u p rig h t ag a in st 
th e  w all to allow the slide to  dry. After ab o u t 4  h r  (time for em ulsion to 
dry), th e  slides were placed in  a  light proof box w hich con ta ined  silica 
gel to  p rev en t dam pness from  dam aging th e  em ulsion . The box once 
sea led  w as fu rth e r  covered w ith  a  polyethylene b lack  b ag  to  p reven t 
exposure  to light. The box w as refrigerated a t  4"^ C for a  4  day  exposure 
period .
A fter th e  exposure tim e, the  slides w ere b ro u g h t b a c k  to th e  
d a rk  room  an d  allowed to come b ack  to room  tem p era tu re . T his w as 
im p o rta n t since the  optim al tem p era tu re  of th e  Kodak D 19 developer 
is a b o u t 20°C. The fixative u sed  w as Kodak Acid Fix (Hypo) w hich  w as 
d ilu ted  3 tim es in  d istilled  w ater. The slides w ere developed for 3 .5  
m in u te s , r in se d  for 30  seco n d s in  d istilled  w a te r a n d  fixed for 5 
m in u tes . This w as followed by  a  gentle rin se  for 20 m in u tes  in  ru n n in g  
ta p  w a te r  a n d  s ta ined  acco rd ing  to th e  J e n n e r /G ie m s a  tech n iq u e  
described  below.
3 .2 .8  d Jenner/G iem sa  sta ining
S lides w ere tran s fe rred  to  a  s ta in in g  j a r  co n ta in in g  J e n n e r  s ta in  
fresh ly  d ilu ted  w ith an  equal volum e of buffer so lu tion  (pH 6.8). Slides 
w ere allowed to  sta in  for 5 m in u tes  after w hich  they  w ere tran sfe rred  
w ith o u t w ash ing  to a  ja r  con ta in ing  G iem sa s ta in  freshly  d ilu ted  w ith  
n ine  volum es of buffer so lu tion . After being sta ined  for 10-15 m in, the  
slides w ere transferred  to  a  j a r  con tain ing  buffer so lu tion  a n d  rapidly  
w ash ed  in  th ree  or four ch an g es of w a ter an d  allowed to dry. Once 
to ta lly  dry, th e  slides w ere covered w ith  coverslips m o u n te d  w ith  
Euparal.
3 .2 .9  5-azacytid ine (AC) reversion experim ents
T his a ssa y  w as based  on  pro tocol described  by Jeggo a n d  H olliday 
(1986) to  te s t  for any  azacy tid ine-induced  reactivation  of a  possib le
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m ethy lated  copy of th e  tk  gene. To induce  reversion  by  5-azacytadine 
(Sigma), bo th  CHO KI an d  a  tk~ m u ta n t cell line (TK4) were seeded a t 
1 X 103 cells pe r 25  cm^ flasks (Sterlin) an d  in cu b a te d  overnight. AZ 
is u n s ta b le  in  aqu eo u s solution; therefore it w as p repared  im m ediately 
before u se  a t  a  concen tra tion  of 1 m g/m l. This w as added  to the  flasks 
to give a  final concen tra tion  of Ip g /m l an d  in cu b a te d  a t 37°C for 15 
h rs . T he m ed ium  w as changed  a fte r th is  period  an d  rep laced  w ith  
fresh  M EM /FCS. C u ltu res  w ere m ain ta ined  in  exponen tia l grow th for 
a n  additional 5 days (passaging du ring  th is  tim e if th e  cu ltu res  becam e 
confluent) before p la tin g  o u t 150-200 cells p e r 5 cm  d ish e s  in  th e  
p resen ce  of e ith e r no rm al o r HAT/MEM. D ish es w ere in cu b a te d  a t  
37°C for 10 days.
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3 .3  R esults
3.3.1 E g r e s s io n  time
The re su lts  of the  induced m utation  frequency expressed a s  a  function  
of expression  tim e (days) are p resented  in figure 3.1. The th ree  curves 
rep re sen t th e  induced m uta tion  frequencies in  the  p a re n t CHO KI cell 
line following a n  exposure to 2 ,4  and  6 Gy X-rays. All th e  d a ta  po in ts  
re p re se n t th e  induced  m u ta tio n  frequency after su b tra c tio n  of th e  
spon taneously  induced m utation  frequency.
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Figure 3.1. M utation frequency as a  function of expression tim e in CHO 
KI cells exposed to 2 ,4  and  6 Gy of X-rays. Vertical b a rs  rep re sen t the  
s ta n d a rd  e r ro rs  of th e  m ean  v a lu e s  from  th re e  In d e p e n d e n t 
experim en ts.
T he cu rves ob tained  follow a  typical p a tte rn  a s  observed  by  
previous w orkers (Chu and  Mailing, 1968). The exp ress ion -m u ta tion  
re la tio n sh ip  curves can  be subdiv ided  in to  th ree  p a rts : a n  in itia l 
increase, a  peak  followed by a reduction in  m utation  frequency. B ased
I
I
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on th ese  experim en ts , 4  days w as u se d  to  re p re se n t th e  op tim um  
e x p re s s io n  tim e  re q u ire d  fo r th e  co m p le te  'd ilu tio n ' o f a n y  
cy to p lasm ic  th y m id in e  k in a s e  h e n ce  m axim ize th e  recovery  of 
persum ptive tk- m u ta n t cells.
3 .3 .2  TFT concentration
The relative cloning efficiency of th e  CHO KI cell line in  th e  p resence  
of increas ing  TFT con cen tra tio n  in  th e  selection  m edium  (TFT/MEM) 
is p resen ted  in  figure 3.2.
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Figure 3.2. Relative cell survival of CHO KI cells a s  a  function  of TFT 
d ru g  concen tra tion . E ach  po in t rep re se n ts  a  su rv ival de te rm ina tion  
from  th e  m ean  th ree  in d ep en d en t experim ents.
A concen tra tion  of TFT in  th e  range of 0 .001-0 .2  p g /m l perm its 
grow th of CHO KI cells. However, increasing  th e  concen tra tion  to the  
ran g e  of Ip g /m l re s u lts  in  th e  com plete loss of cell grow th. T h is 
com plete loss of survival is also observed a t  the  h igher concen tra tions 
(l-3 0 |ig /m l). H ence for all th e  m u ta tio n  experim ents, an  in term ediate
:
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con cen tra tio n  of 3 p g /m l w as used . The u se  of a  too low concen tra tion  
of TFT (below Ipg /m l) would resu lt in  unaccep tab ly  h igh  levels of false 
positive  re s u lts  i.e. n o n -m u ta n t cells form ing colonies w hile a  h igh  
con cen tra tio n  w ould re su lt in  the  a ssay  becom ing less sensitive due  to 
th e  th e  toxic effects of the  drug.
3 .3 .3  Cell d en sity
T he relative cloning efficiency of the  tk -  m u ta n t cell popu la tion  (TK4) 
in  th e  p resen c e  of in creasin g  c o n ce n tra tio n s  of th e  CHO KI cells 
(wild-type cell population) is p resen ted  in figure 3.3 .
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F igure  3.3 . Effect of CHO KI cell concen tra tion  on th e  recovery of TK4 
m u ta n t  cell line.
A n e a r  c o n s ta n t P.E of TK4 cells is observed (about 90%) in  the  
p resen ce  of CHO KI cell concen tra tion  ranging  from  betw een 10^-10®. 
H ow ever, a  s h a rp  decline  is  observed  once th e  cell c o n ce n tra tio n  
exceeds 10® cells per d ish . For all th e  experim ents described  in  th is  
th e s is , a  s ta n d a rd  cell density  range of betw een 10®-10® cells pe r d ish
i
1
_
optim um  c o n d it io n s /4 5
(1 3 0 0 -1 3 0 0 0  ce lls /cm 2 ) w as m ain ta in ed . T he cell c o n c e n tra tio n  
p lated  w as dependen t on th e  type of cell line used , its  rad iosensitiv ity  
an d  th e  type of m u tagen ic  trea tm en t. This co n cen tra tio n  ran g e  is 
co n sis ten t w ith  som e of th e  earlier reports w hich have found  th is  to  
rep resen t the  optim um  cell density  (Adair and Carver, 1979).
3 .3 .4  Uptake o f  ^HTdR in tk- m utant cells
B oth th e  norm al (CHO KI) and  m u ta n t (TK4) cells w ere in c u b a te d  in  
th e  p resence  of ^HTdR a n d  i ts  u p tak e  via th e  sa lvage  p a th w a y  
m e a su re d . T his is  a  sim ple  a n d  qu ick  a ssa y  to  e s ta b l is h  th e  
p re se n c e /a b se n c e  of the  enzym e thym idine k inase . T he a m o u n t of 
^HTdR activity incorporated  in to  the  DNA (in term s of d is in te rg ra tio n s  
p e r m inu te  m easu red  in  th e  liquid scin tilla tion  counter) a t  v a rio u s  
sam pling tim es is  show n in  figure 3.4.
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Figure 3 .4  DNA synthesis m easured  as a  function of incubation  tim e in  
th e  presence  of ^HTdR in  b o th  the  norm al CHO KI an d  TK4 m u ta n t 
cell lines.
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The norm al CHO Kl cell line show s a  lin e a r  in c re ase  in  th e  
up take  of the  ^HTdR in  com parison to the TK4 cell line w hich  show s a  
com plete lack  of incorporated  radioactivity. T his observation  provides 
evidence for th e  in ab ility  of th e  m u ta n t cells to in c o rp o ra te  th e  
ex tracellu lar source of thym idine principally v ia  the  salvage pa thw ay . 
This suggests th a t  the  tk-  m u tan ts  obtained in  th e  C H O /tk  m u ta tio n  
a ssa y  re p re se n ts  m u ta n ts  w ith a  genetic ch an g e  a t  th e  t k  lo cu s  
resu lting  in th e  inability  of the  cells to synthesize  th e  active form  of 
th e  enzyme thym idine k inase.
3 .3 .5  Spontaneous reversion frequencies
In o rder to confirm  the  stab ility  of the  m u ta n t cells, a  colony a s sa y  
m easuring  the  sp o n tan eo u s reversion of m u ta n ts  w as perform ed. The 
resu lts  obtained are p resen ted  in table 3.2.
No. of m u ta n t cells seed ed /d ish Plating efficiency (%) in  no rm al 
m edium  (MEM/FCS)
200 50
No. of m u ta n t cells seed ed /d ish Reversion frequency /surv ivor 
in  HAT/MEM
103-106 < 10-6
Table 3.2. The p lating  efficiency of m u tan t cell line in norm al m edium  
u sed  to express the  sp o n tan eo u s reversion frequencies p e r su rv ivo r 
m ea su re d  by p la tin g  v a rio u s  m u ta n t  cell c o n c e n tra tio n s  in  th e  
presence of HAT/MEM selection m edium .
For the reversion analysis, the m u tan t line TK4 w as grown in  th e  
presence of norm al m edium  for m ore th an  25 p assag es to allow an y  
reversion  to a  tk+ pheno type  before p la ting  o u t in  HAT/M EM  to
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m easu re  th e  sp o n tan eo u s reversion  frequency. The a p p aren t ab sen ce  
of any  reversion (< 10-6) suggests th a t  th e  tk- m u ta n ts  have undergone 
a  stab le  genetic change w hich fu rth e r su p p o rts  the  u se  of the C H O /tk  
m utation assay.
I
iII
i
I
3 ,3 .6  Autoradiography
A uto rad iog raphy  w as one of te c h n iq u e s  u se d  to  verify th e  lo ss  of 
thym id ine  k in ase  activ ity  in  th e  m u ta n t  cells (TK4) b ased  on  th e  
cellu lar incorporation  of ^HTdR via th e  'salvage' pa thw ay  w hich w ould 
req u ire  th e  p resen ce  of a n  active form  of thym id ine  k in ase . T h is  
tech n iq u e  w as specifically u sed  to identify  a  possib le  sub -c lass of tk- 
m u ta n ts  w hich m ight have a n  a ltered  form of thym idine k inase w hich  
w ould be v isualised  w ith  percen tage of cells show ing an  up take  of th e  
label In  form  of th e  silver g ra in  form ation . The re su lts  ob tained  a re  
rep resen ted  in  tab le 3.3 , p late 3.1 and  p late 3.2.
T reatm ent Labelled cells (%)
CHO KI + MEM (control) No label
CHO KI + MEM + 3HTdR 100
CHO KI + TFT + 3HTdR 97
TK4 + MEM (control) No label
TK4 + MEM + SH TdR No label
TK4 + TFT + 3H T dR No label
T able 3 .3 . The u p tak e  of ^H Tdr m easu red  u s in g  au to rad io g rap h y  in  
b o th  th e  CHO KI and  TK4 m u ta n t cell line
T he CHO KI cells show  a  com pletely  labelled  cell p o p u la tio n  
(100% ) in  c o m p a riso n  to  th e  TK4 m u ta n t  lin e  in  w h ich  no  
in c o rp o ra t io n  of th e  ra d io a c tiv e  la b e l is  e v id e n t. F o r  th e  
au to rad iograph ic  determ inations , the  m u ta n t line TK4 and  the  CHO KI
4
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cell lin es w ere labelled in  the  p resence  of TFT/M EM . P late 3.1 show s 
th e  re su lts  of CHO KI cells incubated  w ith the  rad ioactiv ity  while plate
3 .2  show s the  u p tak e  no u p tak e  in  the  m u ta n t TK4 cells. The CHO KI 
cell popu la tion  grown in  TFT/M EM  show  heavily labelled cells despite 
som e cells show ing th e  toxic effects of the  d ru g  (distorted  cells). Cells 
w ith  le ss  th a n  50  g ra in s  w as the  c rite rea  u se d  to  re p re se n t a  cell 
popu lation  a s  no label' (Table 3.3).
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Plate 3.1. Autoradiograph of slide showing CHO KI cells incubated in 
TFT/MEM medium in the presence of ^HTdR.
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P la te  3 .2 . A u to rad iog raph  of slide show ing TK4 m u ta n t cells (tk-) 
incubated  in TFT/M EM in the  presence of ^HTdR
Optimum c o n d it io n s /5 1
3 .3 .7  Growth characteristics
The stability  of a  tkr m u tan t w as tested  by plating bo th  th e  m u ta n t TK4 
an d  th e  norm al CHO KI cell line in  the  p resence  of th e  th re e  m ain  
m ed iu m  com positions u sed  th ro u g h o u t th e  cou rse  of th is  p ro jec t. 
T hese a re  tkr selection  m edium  (TFT/MEM), se lec tion  m ed iu m  
(HAT/MEM) an d  no rm al m edium  (MEM/FCS). The g row th  cu rv e s  
p re se n te d  in  figures 3 .5 -3 .7  w ere ob ta ined  by co u n tin g  th e  to ta l 
n u m b er of cells per d ish  sam pled a t  various tim e in tervals. F igure 3 .5  
show s th e  growth curves of bo th  CHO KI and  TK4 cell lines in cu b a ted  
in  the  presence of MEM/FCS.
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F igure  3 .5 . G row th curves of CHO KI and  TK4 m u ta n t cell line in  
M EM /FCS m edium . E ach point rep resen ts the  average cell co u n t from 
th ree  separa te  dishes.
The m u ta n t line TK4 show s a  com parable growth curve to th a t  
observed in  th e  p a re n t CHO KI cell line and  can  be m a in ta in ed  in  
con tinous cu ltu re  in norm al m edium . In co n trast to the above resu lts , 
a  d ifferen t grow th p a tte rn  is observed w hen b o th  th e  n o rm al an d  
m u ta n t cell line are  p lated  in  the  p resence  of TFT/M EM show n in  
figure 3.6 ,
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F igu re  3 .6 . G row th  c u rv es  o f CHO KI a n d  TK4 m u ta n t  cell line 
m easu red  in  the  p resence  of TFT/MEM.
The m u ta n t line exh ib its a  norm al exponentia l in c rease  in  cell 
n u m b e r  com pared  to  th e  com plete lo ss of cell g row th  observed  in  
CHO KI cells w hen p la ted  o u t in  th e  TFT/M EM  m edium . The grow th 
of th e  m u ta n t  line in  th e  co n tin o u s selection  p re s su re  of TFT/M EM  
provide evidence for s tab ility  of the  genetic change in  th e  tk  locus. To 
fu r th e r  confirm  th e  s ta b ili ty  of th e  tk~ m u ta n ts  in  te rm s  of its  
reversion  to the  pheno type , th e  grow th c h a ra c te rs is tic s  of b o th  
th e  TK4 a n d  CHO KI cell line  w as followed by  p la ting  in  HAT/MEM 
m edium . The resu lts  ob tained  are presen ted  in  figure 3.7.
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Figure 3.7. Growth curves of bo th  th e  CHO KI and  TK4 m u ta n t cell line 
in  th e  p resence of HAT/MEM.
The CHO KI cell line show s norm al growth ch arac te ris tic s  in  the  
p resen ce  of HAT su p p lem en ted  m edium  in  co m p ariso n  to th e  TK4 
cells in  w hich th e re  is  a  com plete loss of cell su rv ival im m ediately  
a fte r p lating th e  cells in  th e  p resence  of HAT/MEM. T his is evidence 
for a  genetic ch an g e  a t  th e  t k  lo cus a s  w ell a s  a  low reversion  
frequency w hich is fu rth e r  suppo rted  by  the re su lts  of th e  colony assay  
(see section  3 .3 .5). T he grow th  of the  CHO KI ce lls in  HAT/MEM 
m edium  validates its  u se  a s  a  counterselective m ed ium  to recover 
cells e.g. d u rin g  th e  sp o n ta n e o u s  reversion  ex p e rim e n ts  (section  
3.3.5).
3 .3 .8  Plating efficiencies o f  m u tan t cell line
The colony assay  re su lts  of b o th  th e  CHO KI an d  TK4 m u ta n t cell line 
p la te d  in th e  p re se n c e  of M E M /FC S and  TFT/M EM  m ed ium  are  
p resen ted  in figure 3 .8
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Figure 3 .8 . The p lating  efficiencies (P.E) m easu red  in  CHO KI and  TK4 
m u ta n t cell line u sing  a  colony assay  in the presence of bo th  M EM /FCS 
and  TFT/FCS
The m u ta n t line TK4 show s a  reduced  P.E (60%) com pared  to 
th a t  observed  in  th e  CHO KI cell line (80%) w hen  p la ted  in  th e  
p re se n c e  of n o rm al m ed iu m . How ever, in  th e  p re se n c e  of th e  
se lec tion  m ed ium  (TFT/MEM), th e  CHO KI cell line show s com plete 
loss of cell survival while the  TK4 cells have a  P.E com parable to th a t  
w hen  p la ted  in  no rm al m edium . T his s tro n g  inh ib ition  of grow th by 
TFT on th e  wild type cell popu la tion  su p p o rts  th e  u se  of TFT a s  a  
effective selection d rug  (Adair and  Carver, 1979). The Inhibition of cell 
grow th of CHO KI cells in the  presence  of TFT/M EM  is show n in  the  
re su lts  from a  typical colony assay  (plate 3 .3  and  3.4). Plate 3 .3  show s 
th e  su rv iv ing  co lon ies of TK4 cells p la ted  in  th e  p resen ce  of (a) 
no rm al (b) TFT/M EM  m edium . Plate 3 .4  show s a  c lear p late in w hich 
CHO KI ce lls  w ere p la te d  in  th e  p re se n c e  of (a) TFT/M EM  in  
com parison  to th e  80%  P.E observed in (b) M EM /FCS.
optim u m  co n d it io n s /5 5
f  «
\
*
* A '
* #
P late 3.3. R esu lts from the  colony a ssay  in  w hich m u ta n t cells (TK4) 
were p lated  in th e  presence of M EM /FCS (left) and  TFT/M EM (right).
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P late 3 .4 . R esu lts from th e  colony assay  in  w hich CHO KI cells were 
p la ted  in  TFT/M EM  (left) w ith  th e  com plete lo ss  of cell su rv ival 
com pared to cells seeded in  M EM /FCS (right) w hich show  the  norm al 
P.E.
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3.3.9 Survival a ssay
To check  for any  differences in  th e  radiosensitiv ity  of th e  m u ta n t line 
(TK4), a  survival a ssay  w as perform ed following th e  exposure  of cells 
to  a  g raded  dose  of X -rays (see sec tio n  2.4). T he surv ival cu rves 
ob tained  after exposure of bo th  th e  TK4 and  CHO KI cell line to X-rays 
are  p resen ted  in  figure 3.9.
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Figure 3.9. Survival curves of TK4 and  CHO KI cells exposed to X-rays.
T he m u ta n t  line show s a n  in c reased  ra d ia tio n  sensitiv ity  in  
com parison  to  th e  CHO KI cell line. T his w ould suggest th a t  th e  tk-  
m u ta n ts  cells m ay have undergone a  m u ta tio n  w hich  ex tends beyond 
the  tk  locus hence affecting essen tia l genes requ ired  for cell survival. 
No conclusions could be m ade from  th is  re su lt a s  th is  could n o t be 
repeated  (due to the  breakdow n of th e  X-ray se t in  th e  departm ent).
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3 .3 .1 0  5-azacytad ine trea tm ent
The tk- m u ta n t cells were trea ted  w ith  the m ethylating  inh ib ito r agen t 
5 -azacytad ine to de tec t the  p resence  of a  possib le  m ethy lated  copy of 
th e  tk  gene w hich w ould give rise  to epigenetic change a t  the  tk  locus. 
Cells trea ted  w ith  AZ were p la ted  in  the  p resence  of HAT/MEM. The 
reversion  analysis re su lts  carried  o u t w ith the  TK4 m u ta n t cell line are 
p resen ted  in figure 3.10.
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F igure  3.10. The clonal a ssa y  following th e  trea tm e n t of th e  m u ta n t 
cell line TK4 w ith o u t (control) or w ith  5 -azacytadine. Cells a re  p lated  
in  b o th  norm al m edium  (MEM/PCS) and  H A T-supplem ented m edium .
T he TK4 cells  show  no cell su rv iv a l in  th e  p re s e n c e  of 
HAT/MEM following tre a tm e n t w ith  AZ in  com parison  to th e  average 
p la tin g  efficiency observed in  th e  p resence  of norm al m edium  in  bo th  
con tro l an d  AZ trea ted  cells. The reduced  p la ting  efficiency observed 
in  cells trea ted  w ith  AZ is d ue  to the  toxic effects of th e  d rug . As a  
co n tro l to check  th e  se lec tion  cond itions a s  well to  ch eck  for any
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toxic effects of AZ, the  p a ren t CHO KI cells were trea ted  w ith  AZ a n d  
p la ted  o u t in  bo th  norm al an d  HAT/MEM su p p lem en ted  m ed ium  
(figure 3.11).
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Figure 3.11. The clonal a ssay  following the trea tm en t of CHO KI cells 
w ith  e ither no trea tm en t (control) or exposed to 5-azacytad ine. Cells 
a re  p la te d  in  b o th  n o rm a l m ed ium  (M EM /FCS) a n d  HAT- 
supp lem en ted  m edium .
The u n trea ted  contro l sam ples have nearly  th e  sam e p la tin g  
efficiency bo th  in the norm al and  HAT/MEM m edium . In c o n tra s t to 
the  m u ta n t cells (figure 3.10), the norm al cells trea ted  w ith AZ show  a  
com parable P.E. when p lated in bo th  norm al and HAT/MEM m edium . 
However, the  AZ trea ted  cells show  a  reduced P.E com pared  to th e  
control sam ples due to the toxic effects of the  d rug  w hich reduced  the  
viability of the  cell population. This resu lt fu rther va lidates th e  u se  of 
the  HAT/MEM m edium  for the selection of tk+ cells.
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3.4 Discussion
Due to the  limited m utation  d a ta  based  on the  u se  of th e  CHO /  tk  
m u ta tion  assay , it  w as im portan t to estab lish  the  th ree  m o st im p ortan t 
p a ra m e te rs  w h ich  a re  involved in  an y  m u ta tio n  a s s a y  nam ely : 
expression  tim e , concen tration  of selective agen t and  th e  cell d en sity  
in  th e  selection m edium  (Cox and  M asson , 1976., C hu  a n d  M ailing, 
1968). The m u ta tio n  versu s expression tim e g raph  ob ta in ed  show s a  
typical re la tio n sh ip  w ith  a n  in itial increase , op tim um  a n d  finally  a  
decrease  in  m u ta tio n  frequency (Fig. 3.1). T h is re su lt  is  c o n s is te n t 
w ith  the  re su lts  observed by  o ther w orkers (Chu an d  M ailing, 1968., 
Bridges and  Huckle, 1970). D eterm ination of th e  op tim um  expression  
tim e is im portan t due to the  its dependence on  th e  ta rg e t locus , cell 
line an d  labo ra to ry  conditions u n d e r w hich th e  m u ta tio n  a s sa y  is 
perform ed (Thacker et al, 1976., Vrieling et al, 1985). In  the  C H O /tk  
m u ta tio n  assay , an  expression time of four days w as found  to  yield the  
m axim um  induced  m uta tion  frequencies independen t of th e  dose (Fig. 
3.1). Since th e  expression  tim e defines the  n u m b er of cell d iv isions 
after irrad iation  required for the production  of a  m u ta n t cell, a  dose- 
in d ep en d en t exp ression  tim e would suggest th a t  m u ta n ts  in d u ced  
a fte r  exposu re  to a  h igher dose (6 Gy) are  n o t a t  a n y  selective 
d isad v an tag e  d u rin g  th e  selection  period  in  c o m p ariso n  to cells 
exposed to a  lower dose e.g. 2 Gy. The dose in d ep en d en ce  of th e  
expression tim e a t the  tk  locus could be due to th e  au tosom al n a tu re  of 
the  tk  locus (2 copies) w hich would allow near-op tim um  grow th of th e  
m u ta n t  cells desp ite  genetic dam age to one of th e  loci, since  th e  
m u ta n t cells would survive due to the  undam aged genes (for survival) 
on th e  hom ologous chrom osom e. T his observation  is  su p p o rte d  by  
m u ta tion  d a ta  from m ouse lym phom a cells (Evans e t al, 1986, 1990) 
in w hich the increased  ability to recover tk- m u ta n ts  in  com parison  to 
hprt- m u ta n ts  h a s  been  suggested to  be due to the  p resen ce  of two 
copies of linked essen tia l genes in the  tk  locus, hence th e  inactivation  
of one copy by  a  lesion affecting the  ta rge t locus would n o t necessarily  
give rise to cell lethality  (Evans et al, 1986., DeMarini e t al, 1989).
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T his dose-independen t expression tim e in  th e  C H O /tk  m u ta tio n  a ssa y  
is a  d is tin c t advantage w hich would reduce any artefact in  th e  re su lts  
ob tained  since  a  sim ilar experim ental schedu le  is m ain ta in ed  for all 
th e  different doses used . The four days expression tim e u se d  for th e  
p re sen t experim en ts represen ted  the  average tim e for m o st m u ta tio n  
a ssay s  (Bridges an d  Huckle, 1970). Furtherm ore, after 4  days m o st of 
th e  tre a te d  cell c u ltu re s  were found  to  be n e a r-c o n flu e n t. T h is  
avoided th e  need  to  trypsin ise  cells d u rin g  th e  exp ression  tim e (to 
m a in ta in  exponen tia l growth), hence reducing  fu r th e r  e rro rs  w h ich  
m ight arise  due  to excessive hand ling  of cu ltu res . T his also  red u c es  
th e  cost of th e  a ssay  due to reduced am o u n t of m edium  w hich  w ould 
otherw ise be used  during  the passaging of th e  cultures.
The effect of increasing  TFT concentra tion  on the  grow th of th e  
wild type cell popu lation  is show n figure 3.2. A TFT co n cen tra tio n  of 
g rea ter th a n  Ip g /m l  is found to effectively elim inate the  b ack g ro u n d  
grow th of the  wild type cell population. A p la teau  region is  observed 
betw een  l-30p.g/m l, a  re su lt sim ilar to th a t  observed by  A dair an d  
C arver (1979). B ased  on th is  observation , a  TFT c o n c e n tra tio n  of 
3 |ig /m l w as u sed  to rep resen t the  optim um  concentra tion  requ ired  to 
select for tk- m u ta n t cells. This concen tra tion  w as chosen  to b a lan ce  
betw een th e  e lim ination  of growth of th e  wild type cells an d  red u ce  
toxic effects of the  d rug  observed a t  h igher concentrations (30 pg/m l). 
F urthem ore , u se  of th is  concentration (3|xg/ml) w as found to give rise  
to d iscrete  TFT^" colonies which allows a n  accu ra te  ca lcu lation  of th e  
induced  m u ta tio n  frequency in  a  sam ple. The con cen tra tio n  of TFT 
used  to select tk- m u ta n t cells is consisten t w ith re su lts  from  previous 
s tu d ies  (Adair and  Carver, 1979., Kronenberg and  Little, 1989., Moore 
et al, 1985a,b).
Som e of the  early  work (Chu and  Mailing, 1968) suggested  th e  
im p o r ta n c e  of cell d e n s ity  in  th e  se lec tio n  m ed iu m  on  th e  
y ield /recovery  of th e  m u ta n t cells. This variable w as investigated  for 
th e  C H O /tk  m u ta tio n  assay  via a  reconstruction  experim ent u s in g  a  
p ro to ty p e  tk - m u ta n t  designated  a s  TK4 (see se c tio n  2 .7). T he 
op tim um  cell density  w as determ ined by  p lating  a  fixed n u m b e r  of 
TK4 cells p lated  in the  presence of increasing  concen tra tions of CHO 
KI cells in  TFT/M EM  to determ ine the  cell density  w hich allowed th e  
m axim um  recovery of the  m u tan t cells (Fig. 3.3). Based on  the  re su lts
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obtained , a  s ta n d a rd  cell concentration  range of 10^-10® cells p e r  100 
m m  d ish  w as m ain ta in ed  in  all th e  experim en ts d esc rib ed  in  th is  
thes is . T his concentration  w as ad justed  w ithin th e  range  (1 0 ^ 1 0 ^ ) for 
different experim ents to take  into account bo th  th e  rad io sensitiv ity  o f 
th e  cell line and  type of m utagenic  trea tm en ts . T h is ran g e  o f cell 
density  h a s  been  in  a  n um ber of m uta tion  assay s in  va rio u s cell lin es  
(Adair an d  Carver, 1979., Evans et al, 1986, 1990).
Having established  the  optim um  conditions, it w as im p o rta n t to  
confirm  the  loss of the  enzyme thym idine k inase  in  th e  p e rsu m ed  tk -  
m u ta n t  clones. The p resence  of th e  enzyme thym idine k in a se  is  n o t 
n ecessa ry  for cell survival, the  cell relying on the  d e  novo sy n th e s is  of 
thym id ine  m o n ophospha te  by th e  enzym e thym idy late  s y n th e ta se . 
Thym idine k inase  catalyses one of the  several 'salvage' pa thw ays in  th e  
cell (Kit e t al, 1963), enab ling  the  cells to inco rpora te  e x tra c e llu la r  
source of thym idine. The complete loss of any  up tak e  of ^HTdR in  TK4 
m u ta n t cells in  com parison  to the  wild type cells m ea su re d  d u rin g  
DNA syn thesis  (Fig. 3.4) provides strong evidence for a  genetic  change  
a t  th e  tk  locus. This w ould resu lt in  e ither th e  com plete lo ss  o r th e  
p ro d u c tio n  of an  a ltered  form  of the  thym idine k in ase  re n d e rin g  it  
inactive. F u rth e r evidence for the  loss of thym idine k in ase  activ ity  in  
tk -  m u ta n t cells is provided by the  lack  of u p tak e  of ^H TdR u s in g  
au to rad iog raphy  (Table 3.3 , Plate 3.1 , p late 3.2). The com plete lo ss of 
^HTdR incorporation  in  th e  m u ta n t cells provides fu rth e r  s u p p o r t to  
for the  p resence of tru e  tk-  m u tan ts  w ith the  com plete lo ss of enzym e 
activity since a  m u ta n t cell population with a  red u c ed /a lte red  form  of 
thym idine k inase  would give rise to a  few radioactively labelled cells.
Previous work h as  found some m u tan t cells to revert b ack  to  th e  
norm al phenotype w hen m ain tained  in con tinuous cu ltu re  w hile som e 
cells h a s  been found to be relatively stable. The inability  of th e  m u ta n t  
cells to revert back  to the ir norm al p a ren t phenotype h a s  been  u se d  a s  
evidence for a  stab le  genetic change (Chu, 1971., Gillen e t al, 1 9 7 8 ., 
Fox e t al, 1976). The com p lete lack of any  sp o n tan eo u s reversion  of 
tk-  m u ta n t cells (Table 3.2) suggests th a t the  conditions u se d  in  th e  
CH O / t k  m u ta tion  assay  allow the  Induction and  selection of t ru e  tk-  
m u ta n ts  w ith a  stab le  change in the tk  gene, affecting th e  exp ress ion  
of the  gene. This is fu rther supported by the stability  of th e  tk- m u ta n t  
cells in TFT/MEM (colony assay) after an  average of abou t 25 p a ssa g es
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in  no rm a l m ed ium  to allow for a n y  reversion  b a c k  to  th e  
phenotype (Fig. 3.8). To te s t the  validity of the  HAT selection  m edium  
for revertan ts , bo th  the  TK4 m u ta n t and  p a ren t CHO KI cell line were 
grown in  the  p resence of bo th  M EM /FCS and TFT/MEM (Fig. 3 .5 , Fig. 
3.6). B oth the  norm al and  m u ta n t cell lines grew in  th e  p resence  of 
th e  norm al m edia , fu rth er evidence for the  inessen tial p roperty  of th e  
tk  gene. In co n trast, th e  TK4 m u ta n t cells show  an  in c rease  in  cell 
n u m b er com pared to th e  com plete loss of growth of CHO KI ce lls in  
th e  presence of TFT/MEM. T his re su lt  confirm s bo th  th e  u se  of TFT 
a s  a n  effective tk -  m u ta n t selective d rug  and  the  stab ility  of m u ta n t  
cells in  the  presence of con tinuous selection p ressure .
The decreased survival observed in  TK4 m u tan t cells exposed to 
X -rays in com parison to the  p a ren t CHO KI cell line (fig. 3.9) suggests  
th a t  m u ta tio n s  a t  the  tk  locus extend to flanking genes w hich  a re  
im portan t for the  im m ediate cell survival after irrad iation . This no tion  
is su p p o rted  by  a lready  existing  evidence for the  p red o m in an ce  of 
large genomic deletions in  cells exposed to ionising rad ia tion  (Cox a n d  
M asson , 1978., K avathas et al, 1980., Vrieling et al, 1985., B reim er e t 
al, 1986., Fuscoe et al, 1986). T his view is also su p p o rte d  by  th e  
o b se rv a tio n s w hich  su g g est th a t  ion ising  rad ia tio n  gives r ise  to  
m ultilocus lesions (Evans et al, 1986, 1990) w hich som etim es extend 
beyond the  targe t gene effecting and  affecting essen tia l flanking genes 
(Kronenberg and  Little, 1988).
Iso lation of recessive m u ta tio n s  in  autosom al genes h a s  b een  
difficult (Clive e t al, 1972) and  m uta tions are recovered a t a  very low 
frequency  in  com parison  to m u ta tio n s  on X -chrom osom e loca ted  
genes (DeMars an d  Held, 1972). It h a s  been  suggested  th a t  th is  
difficulty m ay to be due to the  diploid com plem ent of au tosom al alleles 
in  som atic cells (Kit e t al, 1963., Kao and Puck. 1968., C hu  and  Ho, 
1970., Clive e t al, 1972). Hence th e  high m utation  frequency and  th e  
ease  of isolation of tk-  m u ta n ts  in  the  p resen t s tu d y  is co n tra ry  to  
previous s tud ies  (Clive et al, 1972., Roufa et al, 1973). T his suggests  
th a t  the  CHO KI cell line in our laboratory  is hetereozygous a t  th e  t k  
locus w hich is an  im portan t property  to develop in any m u ta tion  a ssa y  
( Fox, 1971). Three possib le  genom ic s tu c tu re s  of the  tk  alelle in  th e  
h a m s te r  cells u sed  for th e  p re sen t stud ies are  p resen ted  in  figure 
3.12 , to exp lain the high m utation  frequency observed a t  th is  locus.
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F igure  3 .12 . Possible genetic s ta te  of th e  tk  a lleles in  h a m s te r  cells 
w hich would allow the isolation of stab le  tk- m u tan ts .
T here  is in c reas in g  evidence w h ich  su g g e s ts  th a t  CHO lines 
con ta in  a  significant hetero- or hem lzygosity for a  n u m b er of au tosom al 
loci (S im inov itch , 1976). How ever, th e  p rec ise  re a so n  for th is  
deviation  from  its  diploid n a tu re  rem ains un c lear. H ence , a  possib le  
hem izygous tk  allele w ould re su lt in a  ta rg e t locus sim ilar to th e  hprt, 
th u s  allowing the  easy  isolation of tk- m u ta n t cells. S uch  a  change h a s  
b een  observed  a t  the  au tosom ally  located  a p rt locus in  CHO cells in  
w hich  a  n u m b er of aprt- m u ta n t have b een  successfu lly  isolated u s in g  
one o r two step  m u ta tio n  a ssa y  in sp ite  of the  diploid n a tu re  of th is  
gene in  CHO cells (M euth an d  A rrand , 1982., N albantoglu e t al, 1983) 
A hem izygous tk  locus in  th e  CHO ceUs u sed  is unlikely  due to th e  
in c re a se d  in d u ced  m u ta tio n  frequencies m ea su re d  a t  th e  tk  locus
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com pared  to those m easu red  a t  th e  hprt locus {Darroudl and  N atarajan  
in  C h in ese  h a m s te r  ovary  cells following irra d ia tio n . T he h ig h e r 
in d u c tio n  of m u ta tio n s observed  a t  th e  tk  locus com pared  to  th e  hprt 
lo cu s  is  co n tra ry  to  th e  'ta rg e t theory '. The t k  lo cus (15 Kbp) is  
sm aller in  size com pared to  th e  hprt locus (54 Kbp). H ence , th e  h igh  
m u ta tio n  frequency  a t  th e  tk  locus w ould suggest th e  p resen ce  of a  
hom ologous chrom osom e w hich  w ould allow the  increased  recovery of 
th e  m u ta n t cells.
The o th e r two possib le  tk  gene s tru c tu re s  to explain  th e  ease  
w ith  w hich tk- m u ta n ts  c an  be iso lated  in  the  CHO KI cells include th e  
p re s e n c e  of a  h e te ro zy g o u s  t k  lo cu s a s  a  r e s u l t  of a  m u ta tio n  
(p o in t/d e le tio n ) o r m é th y la tio n  of one of th e  tk  a lleles. S u c h  a  
functional and  non functional au tosom al tk  allelle h a s  been  observed in  
a  n e a r  diploid h u m an  B -lym phoblasto id  line (Levy e t al, 1968., Liber 
a n d  Thilley , 1982., Skopek e t al, 1978) an d  in  th e  m ouse  lym phom a 
L5178Y  cell line (Clive e t a l, 1979., Moore e t al, 1985 a ,b ). T he 
m éthy la tion  of one of th e  tk  a lleles is term ed  a n  ‘ep igenetic’ change 
w h ich  m ay  be responsib le  for th e  h igher th a n  expected frequency  of 
recessive  m u ta n ts  in  a  n u m b e r  of w ild type cell lin es  d u e  to  th e  
hetreozygosity  of the  locus (Sim inovitch , 1976., Jeggo a n d  Holliday , 
1986). S u ch  a  m éthy lation  a t  one of th e  tk  alleles w ould re s u lt  in  a  
functional hemizygote (L ieberm an e t al, 1983), a s ta te  w hich h a s  been  
show n to give rise to u n s ta b le  m u ta tio n s . Using C hinese h a m s te r  cells, 
M organ a n d  H arris  (1982) sug g ested  th a t  th e  iso la ted  tk -  m u ta n ts  
w ere th e  re s u lt  of a  s ta b le  sh if t in  gene exp ress io n  ra th e r  th a n  a  
m u ta tio n  in  the  tk  locus. T his is based  on w ork w hich suggested  th a t  
gene  a c tiv ity  w as in v e rse ly  c o rre la te d  w ith  th e  e x te n t of DNA 
m é th y la tio n  (D oerfler, 1 9 8 3 ., N aveh-M any  a n d  C e d ra , 1981). 
Reversion b ack  to a  pheno type as a  re su lt of hypom ethylation  h a s  
b een  show n to occur in  a  n u m b e r  of h a m ste r  cell lines (H arris, 1982). 
However in  the  p resen t s tudy , th e  tk- m u ta n ts  failed to revert b ack  to 
a  com petency  following tre a tm e n t w ith  th e  d em ethy la ting  agen t 
5-azacy tad ine (Fig. 3.10). A sim ilar re su lt h a s  also been  observed in  tk- 
m u ta n ts  iso lated  in the  L5178Y m ouse  lym phom a cell line (Moore e t 
al, 1988). B ased  on th e  a b sen c e  of an y  re v e r ta n t tic" m u ta n ts ,  th e  
poss ib ility  of a  su p p re sse d  m eth y la ted  tk  allelle c an  be e lim inated , 
w h ich  fu r th e r  su p p o rts  evidence ag a in s t th e  iso la tion  of u n s ta b le  or
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t ra n s ie n t  tk- m u ta n t cells. D ue to the  lack of a  p robe for the  genom ic 
t k  gene , it w as n o t p oss ib le  to d irectly  confirm  th e  p resen ce  of a  
fu n c tio n a l hem izygous o r he terozygous tk  allele. However, hav ing  
e lim inated  th e  possib ility  of a  m ethylated  tk  allele w hich  w ould give 
rise  to u n s ta b le  tk -  m u ta n ts ,  it can  be concluded th a t  th e  C H O /tk  
m u ta tio n  a ssay  selects stab le  genetically altered tk- m u ta n ts .
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4.1. Introduction
In  o rder to investigate  in to  th e  effect of defective (or reduced) 
rep a ir of d sb  on  the  m u ta tio n  induction , th e  xrs  5 m u ta n t cell line w as 
u se d . T his m u ta n t  line w as u sed  d u e  to its  in h e re n t defective d sb  
re p a ir  ab ility  (Kemp e t al, 1984., C o sta  a n d  B ry an t, 1988) w hile 
show ing  a  no rm al ab ility  to rep a ir s sb  (Kemp e t al, 1984). In  th is  
ch ap te r , th e  m u ta tio n  induction  a t  th e  au tosom ally  located tk  locus is  
co m p ared  be tw een  th e  xrs  5 m u ta n t cell line a n d  in  its  wild type 
p a re n t  cell line CHO KI following exposure to X -rays. The experim ents 
a n d  re s u lts  described  in  th is  ch ap te r th row  fu r th e r  ligh t on th e  th e  
re la tio n sh ip  betw een dsb  and  m uta tion  induction.
4 .1 .1  X -ray-sensitiue m u tan t line (xrs 5)
Following a  n u m b e r of m utagen ic  trea te m en ts  w ith  EMS, Jeggo and  
K em p (1983) iso la ted  a  n u m b er of X -ray-sensitive  m u ta n ts  of th e  
p a re n t  CHO KI cell line. Two subgroups of these  m u ta n ts  were isolated 
w h ich  consisted  of 6  extrem ely and  6 m oderately  rad iosensitive  lines. 
T he rad io sen sitiv e  lin es  p laced  in  a  single com plem en ta tion  g roup  
(Jeggo , 1985) exhibited  a  6-10  fold lower D io  value com pared to  th a t  
observed  in  th e  p a re n t CHO KI cell line. The x r s  m u ta n t  cell lines 
have also  been  show n to  be extrem ely sensitive to o ther DNA dam aging 
a g e n ts . Kem p e t a l (1984) u s in g  n e u tra l  filte r e lu tio n  tec h n iq u e  
re la te d  th e  observed  rad ia tio n  sen sitiv ity  in  th e  x r s  m u ta n ts  to  a  
re d u c e d  ab ility  to re jo in  induced  d sb . The im p o rtan ce  of th e  x r s  
m u ta n t  cell lin es is  fu r th e r  en h an ced  by  th e  fac t th a t  it  h a s  b een  
show n to have no defect in  ssb  repa ir (Kemp et al, 1984) th u s  allowing 
a  s tu d y  of th e  effects of a  reduced  d sb  repa ir on the  various biological 
e n d p o in ts  observed in  irrad iated  cells. One of the  Im portan t endpo in ts  
w hich  h a s  b een  widely stud ied  using  th e  xrs  5 cell line is an  increased  
chrom osom al sensitiv ity  to  X-rays (Kemp and  Jeggo , 1984., B ryan t e t 
a l, 1 9 8 7 ., D a rro u d i a n d  N a ta ra ja n ,  1987a ,b ) a n d  re s tr ic t io n  
e n d o n u c lease s  (B ryant e t al, 1987). T he reduced  rep a ir of d sb  in  th e  
x rs  cell lines w as th o u g h t to arise  a s  a  re su lt of m éthy lation  of one of 
th e  xrs+ genes th u s  giving rise to a  CHO KI cell w hich  w as functionally  
hem izygous for th e  xrs+  gene (Jeggo a n d  Holliday , 1986) h en ce  a  
m u ta tio n  in  th e  unm ethy lated  x rs  copy would give rise  to  the  observed
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rep a ir  defect in  the  x rs  m u ta n t  cells. This h ypo thesis  w as confirm ed 
on  th e  b a s is  of th e  h ig h  rev e rsio n  frequency  (to rad io re s is tan c e )  
observed  in  th e  x rs  s tra in s  following tre a tm e n t w ith  th e  m ethy lase  
inh ib ito r , 5 -azacytadine (AZ) (Jeggo and  Holliday, 1986). T his suggests  
th a t  th e  rad iosensitiv ity  of th e  xrs  s tra in s  arose  due  to th e  m ethy lated  
copy of th e  x r s  gene w hich  is  n o t expressed  in  th e  m u ta n t  s tra in s  
(Jeggo an d  Holliday , 1986). F u rth e rm o re , th e  reversion  observed  in  
cells tre a te d  w ith  AZ is evidence for a  s tru c tu ra lly  in ta c t m ethy la ted  
copy of th e  x r s  gene. In  a d d itio n , th e  fac t t h a t  th e  ex trem ely  
rad iosensitive  6 isolated m u ta n ts  lie w ithin  a  single com plem entation  
g roup  fu r th e r  su g g es ts  t h a t  a ll have have  a  n e a r-s im ila r  type of 
m utation .
4 .2  M aterials and m ethods
4 .2 .1  Cell culture and  conditions
E xponentially  growing CHO KI and  xrs  5 cells cu ltu red  a s  m onolayers 
in  75  cm2 flasks (Sterlin) w ere u sed  for th e  experim en t described  in  
th is  c h ap te r . B oth  th e  cell lin es w ere m a in ta in ed  a s  d esc rib ed  in  
sec tio n  2 .2 . Prior to a n y  m u ta tio n  experim ents , b o th  cell lin es were 
m ain ta in ed  in  th e  p resence  of HAT/MEM for 2-3 days. T his p rocedure  
w as found  to be effective in  reduc ing  the  spon taneously  in d u ced  (pre­
ex isting ) tk -  m u ta n t  cells . T h is  p ro ced u re  w as im p o sed  on  th e  
cu ltu res  on a  regu lar b a s is  th ro u g h o u t the  course of th is  project.
4 .2 .2  Mutation a ssa y
T here is a  sligh t difference in  m u ta tio n  assay  perform ed for th e  CHO 
KI a n d  xrs  5 cells due  to th e  in c reased  rad ia tio n  sen sitiv ity  of th e  
la tte r. This re su lts  in a  slight varia tion  in  the  m u ta tion  protocol for the  
cell lines w hich  is therefore described  separately .
(a) CHO KI cells: Cells w ere d ilu ted  to give approxim ately  2 x  10^-2 x  
10® cell p e r 75 cm^ flask s su p p lem en ted  w ith  10 m l of M EM /FCS. 
F la sk s  w ere  in c u b a te d  a t  37°C  for 3 h r  (to allow  a  m ono layer 
form ation) p rio r to  ex p o su re  to  X -rays (2 ,4 a n d  6 Gy). Cells w ere 
in cuba ted  for a n  additional 4  days expression period and  m ain ta ined  in
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exponential grow th by passag ing  n e a r  confluen t c u ltu re s  a s  described 
in  section  2.2.
(b) xrs  5 cells: D ue to  th e  rad iosensitiv ity  of th e  xrs  5 cell line , the  
m ax im um  X -ray dose for th e  m u ta tion  a ssay  w as lim ited to 2 Gy. This 
rela tively  low cu t-off m axim um  dose w as chosen  on  th e  b as is  of the  
Im m ediate  cell su rv ival of cells exposed to  X -rays. A h igher dose (>2 
Gy) w ould give rise  to a  low surviving frac tion  (< 2 0  %) creating  an  
a rte fac t in  th e  calcu lation  of th e  tru e  induced  m u ta tio n  frequency. For 
th is  reason , xrs  5 ce lls w ere seeded a t  cell d en sitie s  rang ing  betw een 
2 X 10®-2 X 10® and  exposed a s  m onlayers to 0.5 , 1, 1.5 and  2 Gy of X- 
rays . Cells w ere m a in ta in ed  in  exponentia l g row th  for a n  expression  
period of 4 days. T his w as found to give a  good recovery of tk-  m u ta n t 
cells sim ilar to  th a t  observed in th e  p a re n t CHO KI cell line. D uring  
th e  exp ression  period , xrs  5 cells were p assag ed  a t  a  slightly  h igher 
cell n u m b e r (5 x  10®) to tak e  in to  acco u n t th e  in c re ased  rad ia tio n  
in d u ced  cell death .
4 .2 .3  Cell survived
Im m ediately  a fte r irrad ia tio n , a  cell survival a ssa y  w as perform ed for 
b o th  cell lines. In case  of th e  CHO KI cells line , ce lls were d ilu ted  to 
give ap p ro x im ate ly  100 , 4 0 0  an d  600  cells p e r  5 cm  p e tr i d ish  
supp lem en ted  w ith  5 m l of M EM /FCS in  case  of 2 , 4 an d  6  Gy X -ray 
tre a tm e n ts  respectively . For th e  xrs  5 cell line , ce lls w ere d ilu ted  to 
give 100-2000 cells p e r 5 cm  d ish  for the  X -ray dose range of 0-2  Gy. 
D ishes were in cu b a ted  in  a  hum idified incubato r a t  37°C w ith  5% COg 
in a ir  for 8 days. After th e  rem oval of m edium , co lonies were fixed and  
s ta in ed  a s  a lready described  in  section 2.6.
4 .2 .4  X-irradiation
B oth  cell lines w ere exposed a s  m onolayers to X -rays a s  described  in  
section  2.3.
4 .2 .5  Determ ination o f  spon taneous induced m utations
B oth th e  CHO KI and  xrs  5 cell cu ltu res were p assag ed  for 2-3  days in
th e  p re sen c e  of HAT/M EM  p rio r to se ttin g  u p  c u ltu re s  for th e
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m u ta tio n  a ssa y . T his tre a te m e n t w as found  to  e lin ln a te  any  p re ­
ex isting  tk -  m u ta n t  cells hence  allow ing ca lcu la tio n  of the induced  
m u ta tio n  frequencies by X-rays m uch  m ore accurately . To m easure th e  
sp o n tan eo u sly  induced m uta tions , b o th  cell lines were trypsinlsed and  
d ilu ted  to give 10® cell per 10 cm  pe tri d ish es  (Sterlin). D ishes w ere 
in cu b a ted  in  a n  hum idified in cu b a to r se t  a t 37°C w ith  5% COg in  a ir 
for 10 days. A s im u ltan eo u s v iability  a s sa y  w as a lso  carried  w hich  
involved p la tin g  100-200 cells p e r 5 cm  p e tr i  d ish  in  norm al MEM 
m edium  an d  for 8 days.
4 .3  R esults
4.3.1 Cell survival
The survival curves of bo th  CHO KI an d  xrs  5 cell lines obtained a fte r 
exposure  to  increasing  doses of X-rays a re  p resen ted  in  figure 4.1.
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Figure 4 .1 . Survival cu rves of X -irrad iated  CHO KI a n d  xrs  5 cells. 
V ertical b a rs  rep resen t the  s tan d ard  e rrors of m ean  values. All the  d a ta  
po in ts  show n rep re sen t th e  m ean  of th ree  in d ep en d en t experim ents.
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The in creased  rad iosensitiv ity  observed in  the  xrs  5 cell line confirm s 
p rev ious w ork  (Jeggo an d  Kemp , 1983). The exponential decrease  in  
xrs  5 su rv ival is suggested  to  reflect its  in h e re n t reduced  ab ility  to 
re p a ir  d sb  (Kemp e t al, 1984). T h is re s u l t  w as u sed  to  confirm  th e  
ra d io s e n s it iv i ty  of th e  xrs  5 cell line  in  o u r  la b o ra to ry  before  
p e rfo rm in g  th e  m u ta tio n  e x p e rim en ts . T h is check  is p a rtic u la rly  
im p o rta n t since a lthough  Jeggo  a n d  Kemp (1983) found th e  iso lated  
x rs  m u ta n t lines to  be stab le  w ith  regard to the  phenotype , it w as la te r 
re p o r te d  th a t  som e s t r a in s  {x rs  6) rev e rt b a c k  to a  level of 
rad io res is tan ce  sim ilar to th a t  of th e  w ild-type cell line (Denekam p e t 
al, 1989).
4 .3 .2  Spontaneosly  induced m utation frequencies
T he re su l ts  of the  spon taneously  induced  m u ta tion  frequencies assayed  
following HAT trea tm en t a re  p resen ted  in  tab le  4.1.
Cell type Spontaneous m uta tions 
(per 10® survivors)
S tan d ard  erro r of 
m ean
CHO KI 3 .64 2.6
xrs  5 10.6 2.5
Table 4 .1 . S pon taneous-induced  m u ta tion  frequencies in  bo th  the  CHO 
KI an d  xrs  5 cell lines. All th e  values indicated  are  the  average of four 
in d e p e n d e n t experim ents.
T he xrs  5 cell line show s a  n e a r  3-fold in c reased  sp o n ta n eo u s ly - 
in d u ced  m u ta tio n s  com pared  to  th a t  observed in  th e  p a re n t CHO KI 
cell line. A sim ilar enhanced  background  m u ta tion  frequency h a s  also 
b e e n  observed  in  th e  xrs  5 cell line m easu red  a t  th e  h p r t  lo cu s  
(D arroudi an d  N atarajan , 1989). The spon taneously  induced  m u ta tio n  
frequencies a re  betw een th e  accep tab le  range (< 20  m u ta tio n s  p e r 10® 
survivors) w hich  is im p o rtan t in  reducing  th e  chance  of ob tain ing  an y  
false  negative re su lts  for w eak  m u tag en s due to m ask ing  by  th e  h igh
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b a c k g ro u n d  (N estm ann  e t al, 1991). All th e  d a ta  sh o w n  above 
re p re se n ts  the  m ean of a t  le a s t four Indepenedent experim ents.
4 .3 .3  CHO KI and xrs  5 m utation induction curves
The re su l ts  of the  m u ta tio n  experim en ts perform ed for b o th  th e  CHO 
KI a n d  xrs  5 cell lin es  exposed  to  in c reas in g  d o se s  of X -rays a re  
p resen ted  in figure 4.2.
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Figure 4.2. Plot of m u ta tio n  frequencies as a  function  of X -ray dose for 
bo th  CHO KI and  xrs  5 cell lines. V ertical b a rs  re p re se n t th e  s ta n d a rd  
e rro rs  of m ean  v a lu es. E ac h  curve  re p re se n ts  th e  m ean  of th ree  
in d e p e n d e n t experim en ts.
T he frequency  of m u ta tio n s  in  CHO KI cells show ed  a  cu rv ilinea r 
r e s p o n s e  w ith  in c re a s in g  X -ray  d o se  w h ile  th e  x rs  5 d a ta  
a p p ro x im a te d  to a  l in e a r  in c re a se  in  m u ta tio n  freq u e n cy  w ith  
increas ing  dose. The frequency of m u ta tio n s p er 10^ surv ivors w as 3-4 
tim es h igher in  th e  xrs  5 th a n  in  th e  p a ren ta l CHO KI cell line, th e  
ra tio  of m u ta tio n  frequency  betw een  th e  two cell lin es  vary ing  w ith  
dose. The hyperm u tab ility  observed in  xrs  5 cells is  c o n s is ten t w ith
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earlier repo rts  (Darroudi and  N atarajan , 1989., T esm er et al, 1986) in  
w hich  the  m u ta tio n s  were m easured  a t the  hprt locus. The average 
spon taneous m utation  frequencies of 3.64 and 10.6 pe r 10^ viable cells 
in  CHO KI a n d  xrs  5 cells respec tive ly  (Table 4 .1 ) h av e  b e e n  
su b trac ted  from  the  d a ta  po in ts show n w hich rep re se n t th e  m ean  of 
th ree  in d ep en d en t experim ents.
4 .3 .4  5-azacytadine treatm ent
In the  previous chap ter , the  tk-  m u ta n ts  isolated from  CHO KI ce lls 
were show n to be stab le  following trea tm en t w ith AZ (section 3 .3 .10). 
Sim ilarly , a  xrs  5 tk- m u ta n t designated as x rs  {tk-), th e  iso la tion  of 
w hich  is descibed  in section  2 .6  w as also  te s te d  for its  s ta b ility  
following trea tm en t w ith AZ. The resu lts  of the  colony a ssa y  following 
trea tm en t of the  xrs{tk-) m u tan t cells with AZ are p resen ted  in  figure 
4.3.
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Figure 4.3. P la ting efficiency of xrs  (tk-) m u ta n t cells in  b o th  HAT- 
supp lem ented  and  norm al MEM m edium  following trea tm e n t w ith  AZ. 
The p la ting  efficiency of the  u n trea te d  cell p o p u la tio n  in  no rm al 
m edium  is also shown (con).
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A com p le te  loss of cell su rv ival is  observed in  d ish es su p p lem en ted  
w ith  HAT/MEM following tre a tm e n t of th e  m u ta n t  line w ith  AZ a n d  
a lso  in  case  of u n tre a te d  (control) cell p o p u la tio n s . T h is  r e s u l t  
e lim in a te s  the  possib ility  of a n  ep igenetic  change  a t  th e  t k  lo cu s  
re su ltin g  in  the  xrs  (tfc-) m u ta n t clone. This is re su lt is sim ilar to  th a t  
observed  in  case  of th e  CHO KI m u ta n t  line (section 3 .3 .10) w h ich  
w ould su g g est th a t  b o th  xrs  5 a n d  CHO KI cell lines undergo  n e a r  
s im ila r stab le  genetic changes a t  th e  tk  locus to  give to  th e  re su ltin g  
tk- m u ta n t  cells.
4 .3 .5  DNA syn thesis
B oth  xrs  5 a n d  x r s  [tk-] cells w ere  in c u b a te d  in  th e  p re se n c e  of 
^HTdR and  m easured  u p tak e  of activity via the  salvage pathw ay u sed  a s  
evidence for th e  p re se n c e /a b se n c e  of cellu lar thym idine k inase . The 
a m o u n t of ^HTdR activ ity  in co rp o ra ted  in to  th e  DNA (m easu red  in  
te rm s  of dpm  in  p rec ip ita ted  an d  TCA w ashed  DNA) a t  th e  v a rio u s 
sam pling  tim es is show n in  figure 4.4.
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F igure  4.4. U ptake a s  a  function  of tim e of ^HTdr (dpm) m ea su re d  in  
th e  x r s  {tk-) m u ta n t  a n d  xrs  5 w ild type cell p o p u la tio n  follow ing 
incuba tion  a t  37°C.
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The xrs  5 cells show  a  lin ea r increase  in  the  incorpora tion  of ^H TdR 
in  co m parison  to  th e  x rs ( tk -)  cells w hich show  a  com plete  loss of 
u p tak e  of radioactivity m easu red  a t  different sam pling tim es.
4 .3 .6  Comparison o f  tk  a n d  hprt induced mutations.
A  com parison  of the  X -ray induced  m u ta tions in bo th  th e  CHO KI and  
xrs  5 cell lines m ea su re d  a t  th e  tk  an d  h p rt loci a re  p re se n te d  in  
figure 4.5.
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F igure  4.5. C om parsion of th e  induced  m u ta tion  frequencies induced  
following trea tm e n t of b o th  th e  xrs  5 and  CHO KI cell line m easu red  
a t  th e  tk  and  hprt loci. The hprt m u ta tio n  d a ta  h a s  been  redraw n from  
D arroud i and  N atarajan , 1989. V ertical b a rs  (in case of th e  tk  loci data) 
r e p r e s e n ts  th e  s ta n d a r d  e r ro r s  of m e a n  v a lu e s  from  th re e  
in d e p e n d e n t experim en ts.
The d a ta  of h prt in d u ce d  m u ta tio n s  h a s  b een  rep lo tted  from  
D a rro u d i a n d  N a ta ra ja n  (1989) for th e  p u rp o se  of co m p ariso n . 
M uta tions m easu red  a t  b o th  th e  tk  and  hprt (D arroudi an d  N atarajan ,
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1989) loci in  th e  xrs  5 cell line  show s a n  e n h a n c e d  m u ta tio n a l 
response  com pared to th e  CHO KI induced m u ta tio n s . However, th e  tk  
locus show s an  increased  sensitiv ity  to X-ray induced  m u ta tio n s  (factor 
of 5-10) com pared to those  m easu red  a t the  hprt locus. T his increased  
m utab ility  a t tk  in  com parison  to hprt loci h a s  been  observed in  o ther 
cell lines (Evans e t al, 1986., S tankow ski an d  Hsie, 1986., Yandell e t 
al, 1986., Moore e t al, 1987).
4 .3 .7  Relationship betw een  m utation and  survival
A p lo t of induced  m u ta tio n  frequency versu s log surviving fraction  for 
bo th  CHO KI and  xrs  5 cells is  p resen ted  in  figure 4.6.
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F igu re  4 .6 . P lo t of in d u c e d  m u ta tio n  freq u en cy  v e rs u s  su rv iv ing  
fraction  from b o th  CHO KI and  xrs  5 cells following trea tm e n t w ith  X- 
rays. B oth vertical an d  horizontal b a rs  rep resen t the  s ta n d a rd  erro rs of 
m ean  values from  th ree  independen t experim ents.
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B oth se ts  of da ta  show  a n  increase  in  m u ta tio n  frequency w ith  a  
d ecrease  in  cells survival. A com m on line can  be approxim ately  be 
fitted  to  b o th  se ts  of d a ta  i.e CHO KI an d  xrs  5 cells. S uch  a  linear 
re la tio n sh ip  h a s  been reported  by  o th er w orkers m easured  in  different 
cell lin es  (M unson and  G oodhead , 1976., C hadw ick and  L eehouts , 
1976, T hacker et al, 1977., T h ack er and  Cox, 1975) w hich h a s  been  
in te rp re te d  a s  a n  in d ica tio n  for a  c o n s ta n t  re la tio n sh ip  be tw een  
rad ia tio n -in d u ced  m u ta tio n s  a n d  cell inac tiva tion  (Thacker a n d  Cox, 
1975).
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4.4  DISCUSSION
The large n u m b er of rad ia tion-induced  p ro d u c ts  induced  in  the  
DNA following tre a tm e n t w ith  ionising rad ia tio n  (Teoule a n d  C adet,
1978., H u tch in son , 1985) h a s  m ade th e  ta s k  of co rre la ting  rad ia tion  
m u tag en esis  to  a  specific lesion very difficult. It is n o t on ly im portan t 
to  iden tify  a  specific lesion  w hich  gives rise  to a  m u ta tio n  to  have a  
b e tte r  u n d e rs tan d in g  of th e  genetic lesions responsib le  for th e  various 
types of h u m a n  genetic d iso rd e rs  b u t  th e  reso lu tio n  of th ese  lesions 
w ould  also lead  to a  b e tte r  u n d e rs tan d in g  in to  th e  various m olecular 
p ro c e sse s  involved d u rin g  th e  p rocess of m u ta g e n e s is  e.g. repa ir , 
rep ro d u c tiv e  lag  a n d  its  fina l m etabo lic  co n seq u e n ce s . W ith th e  
iso la tio n  of v a rio u s m u ta n t cell lines know n to  be  defective in  th e  
rep a ir  of specific lesions (Thom pson et al, 1982., Kemp e t al, 1984), a  
new  w indow  h a s  opened  in to  e lu c id a tin g  a n d  u n d e rs ta n d in g  th e  
various m echan ism s involved in  a  num ber of biological p rocesses. More 
recen tly , w ith  th e  iso la tion  of rad iosensitive  m am m alian  m u ta n t  cell 
lines (Jeggo an d  Kemp, 1983., Zdzienicka an d  S im ons , 1987., Jo n e s  
et al, 1987) w hich  can  be m ain ta ined  in  cu ltu re , a  lo t of w ork h a s  been  
d e v e lo p ed  in to  a  b e t te r  u n d e r s ta n d in g  of r a d ia t io n - in d u c e d  
m u tag en esis  in  addition  to o th e r biological endpo in ts. B ase a ltera tions 
have been  show n to give rise  to m u ta tio n s  in  bacteria , bacteriophages 
an d  low er eu karyo tes  (G lickm an e t al, 1980., M ailing a n d  deS erres , 
1973) b u t th e  role of th is  type of dam age in  rad ia tion  m u tagenesis  in  
m am m alian  cells rem a in s  u n c le a r  (Arlett e t al, 1975). H ence, th e  
p re s e n t  s tu d y  w as d irec te d  a t  in v es tig a tin g  in to  th e  ro le  of th e  
p red o m in an t type of dam age p roduced  in  cells exposed  to ion ising  
rad ia tion , nam ely  s tra n d  b reakage on m u ta tion  induction . B oth  ssb  and  
d sb  constitu te  the  two m ajor types of DNA s tia n d  b reak s b o th  of w hich 
a re  th o u g h t to p lay a n  im p o rtan t role in bo th  cytogenetic a n d  cytotoxic 
re sp o n se s  in  irrad ia ted  cells. However, th e re  is in c reas in g  evidence 
in d ica tin g  d sb  to  be th e  m ore im p o rtan t lesion  resp o n sib le  for th e  
fo rm atio n  of v a rio u s  ra d ia tio n - in d u c e d  e n d -p o in ts  w h ich  inc lude  
chrom osom al ab erra tio n  form ation , oncogenic tran sfo rm a tio n  and  cell 
d e a th  (Bryant, 1988, review).
B ased  on the  pu tative  im portance of dsb , th is  s tu d y  investigated 
th e  role  of d sb  on  th e  in d u c tio n  of ra d ia tio n -in d u c e d  m u ta tio n s  
m e a su re d  a t  th e  t k  lo cu s  in  b o th  th e  p a re n t  CHO KI a n d  its
xrs  5 m utant/80
rad io sensitive  m u ta n t  xrs  5 cell line. T his rad io sensitive  m u ta n t line 
iso la ted  by Jeggo  a n d  Kem p (1983) is  know n  to  be defective in  
rejo ining of d sb  (Kemp e t al, 1984., W eibezahn e t al, 1985., C osta and  
B ry an t, 1988) b u t  n o t in  rep a ir  of ssb  (Kemp e t a l, 1984) w hich  
allowed th e  s tu d y  specifically  in to  th e  effect of defective rep a ir  an d  
co n seq u en t u n rep a ired  d sb  on m u ta tion  induction . As a  firs t s tep  in 
th e  experim ents perform ed , th e  hypersensitiv ity  to  X -rays of the  xrs  5 
cells m a in ta in e d  a n d  u se d  in  o u r  lab o ra to ry  w a s  checked  a n d  
confirm ed by  th e  re su lts  of th e  survival a ssa y  p re sen te d  in  figure 4.1. 
The increased  rad io sensitiv ity  observed in  th e  xrs  5 cell line evident 
w ith  a n  exponential decrease  in  survival w ith th e  lack  of th e  shou lder 
region confirm s p rev ious w ork (Jeggo and  Kemp , 1983). T his survival 
a ssa y  w as im portan t to perform  prior to doing any  m u ta tio n  s tu d ies  a s  
a n  im p o rtan t check  of any  possible  reversion of xrs  5 cells m ain ta ined  
in  con tinous cu ltu re  to a  level of rad io resistance  sim ila r to th a t  of the  
wild type CHO KI cell line (Costa, 1990).
T he xrs  5 cell line show ed a  3-4  fold e n h a n c e d  m u ta tio n a l 
response  com pared to th e  p a re n t CHO KI cell line following trea tm en t 
w ith  X-rays, th e  ratio  of m u ta tio n  induction  betw een  th e  two cell lines 
varying w ith increasing  X -ray dose (Fig. 4.2). S ince d sb  is th e  p rincipal 
lesion  w hich  is left u n rep a ired  in  larger n u m b e rs  in  th e  x rs  5 cells 
th a n  in  CHO KI cells, th e  observed hyperm u tab ility  provides obvious 
su p p o r t  for th e  invo lvem ent of d sb  a s  a  im p o rta n t p re -m u tag en ic  
lesion in  X-ray induced  m utagenesis. This view is sup p o rted  by  earlier 
r e p o r ts  (D arroud i a n d  N a ta ra ja n , 1989) w ho a lso  observed  a n  
in creased  induction  of m u ta tio n s  in xrs  5 cells (2-3 tim es) com pared  
to th o se  observed in  th e  p a re n t CHO KI cells following trea tm e n t w ith 
X -rays, m u ta tions in  th is  case  m easu red  a t th e  hem izygous hprt locus. 
F u rth e r  evidence for th e  im portance  of d sb  a s  a  p re -m u ta tio n a l lesion 
is provided by  th e  h igh  efficiency of m u ta tio n  in d u c tio n  observed in  
cells exposed to cellu lar ^^Sp^ecay , a  radioisotope th a t  p redom inan tly  
p roduces dsb (Krisch an d  Sauri, 1975).
M o lecu lar a n a ly s is  of th y m id in e  k in a s e  d e fic ie n t m u ta n ts  
in d u ced  in  various cell lines following exposure  to  ion ising  rad ia tio n  
show  a  large p ercen tage  to have undergone a lte ra tio n s  rang ing  from  
large changes to  th e  com plete loss of th e  t k  a llele  (K ronenberg a n d  
Little, 1989., E vans e t al, 1986, 1990). Due to th e  unavailib ility  of the  
cDNA probe for th e  genom ic h a m s te r  tk  gene in  th e  p re se n t study , it
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w as n o t p o ssib le  to  check  th e  ex ten t o f gene d am age  in  the  tk -  
m u ta n ts  iso la ted . However, it w ou ld n o t be  u n rea so n a b le  to suggest 
th a t  m ajority  of th e  m u ta tio n s a t  the  tk  locus in  th e  p resen t study  are 
likely  to be  large  de le tions w ith  a  low er freq u en cy  of o th e r m inor 
c h a n g e s  (b a se  dam age) b a se d  on  th e  o v erw h elm in g  ev idence 
suggesting  m ajo r s tru c tu ra l a ltera tions a t  th e  DNA level in  radiation- 
induced  m u ta n ts  analysed  a t o ther different loci (K avathas e t al, 1980., 
O rr e t al, 1982., V rie ling et al, 1985., T hacker , 1986., Liber e t al,
1987., Yandell e t al, 1986., Stankow ski an d  Hsie, 1986., B reim er et al,
1986., G raf and  C hasin , 1982). This view is suppo rted  by  the  increased 
p roportion  of deletion  m u ta n ts  observed in  th e  rad iosensitive  L517Y- 
81 cell line (Evans e t al, 1986., 1990) w hich  h a s  b een  show n to be 
defic ien t in  d sb  re p a ir  (Wlodek an d  H ittlem an , 1987). A dditional 
evidence su p p o rtin g  th e  causa l re la tionsh ip  betw een dsb  and  deletion 
m u ta n ts  is  provided by  th e  sp ec tru m  of m u ta tio n s  in d u ced  in cells 
exposed to a  decay  of 125;^ the  m ajority  of w hich  a re  found  to have 
dele tions rang ing  from a  few base  pa irs  to large deletions of abou t 20- 
3 0  Kbp (M artin  an d  H ase ltine , 1981., M artin  a n d  H olm es , 1983., 
G ibbs e t al, 1987). T h is observation  is fu r th e r  su p p o rte d  by  th e  
sim ilarity  in  th e  sp ec tru m  of decay and  X -ray induced  m u ta tio n s 
verified following so u th e rn  b lo tting  an a ly sis  of th e  m u ta n t  cell DNA 
(Gibbs e t al, 1987).
The nex t question  is: how does a  sm all lesion su c h  as a dsb  
give rise  to  th e  hyperm utab ility  observed in  cells in  w hich  dsb -repair 
is inh ib ited . The role of m isrepair of induced  dam age in  increasing  the 
y ield of rad ia tio n -in d u ce d  m u ta tio n s  w as rep o rted  in  som e earlier 
observations (Speyer, 1965) w hich were suggested  to arise  due to the  
p resence  of a  m u ta n t  DNA polym erase th u s  affecting th e  rep lication  
re p a ir  of th e  in d u ced  dam age. F u r th e r  ev idence w as provided by  
H astings e t al, (1976) w ho b ased  on a  s tu d y  w ith  rad ia tion-sensitive  
m u ta n ts  of y e as t cells, im p licated the  observed hyperm utab ility  to an  
in c re a s e d  e r ro r -p ro n e  re p a ir . M ore re c e n t  e x p e r im e n ts  have  
suggested  th e  existence of a  correlation betw een th e  ability  of the  cells 
to  recover from  su b - le th a l dam age a n d  th e  ab ility  to  rep a ir  pre- 
m u ta tio n a l dam age (Suzuki an d  O kada , 1977., N akam ura  an d  Okada , 
1981). T his rep o rt is  su b s ta n tia te d  by  a  s tu d y  u s in g  cell lines w ith  
v a rio u s  ra d io se n s itiv itie s  in  w h ich  a  d e c rea se  in  m u ta b ility  w as 
observed  w ith  a n  in c reas in g  sh o u ld e r region in  th e  surv ival cu rves
xrs 5 m utant/82
(Fox, 1974). All th ese  suggest th e  im portance  of th e  re p a ir /m is re p a ir  
p ro cess  in  th e  resu ltin g  in d u ctio n  of a  m u ta tio n s . R epair of dsb  in  
m an y  m am m alian  cells h a s  been  th o u g h t to occur via a  recom bination 
p ro c e ss  (R esnick , 1976) in  b o th  low er (Szostak  e t al, 1983) and  
h ig h er eukaiyo tes (K ucherlapati e t al, 1984). D sb have been  suggested  
to  s tim u la te  recom binogenic-type rep a ir  w hich  if u n su c ce ss fu l would 
lead  to the  form ation of large dele tions (Gibbs e t al, 1987). A lthough 
som e rep a ir  deficient or rad ia tio n  sensitive  cell lines are  found to be 
m ore m utab le  th a n  the ir p a ren ta l rad io -res is tan t s tra in s  (D arroudi and  
N a ta ra jan , 1989., E vans e t al, 1986), a  n o tab le  exception is th e  AT 
ce lls  w h ich  a lth o u g h  m ore  se n s itiv e  th a n  th e  n o rm a l cells , a  
hy p om utab ility  h a s  been  repo rted  (Arlett an d  H arcourt, 1978). From  
a n  an a ly sis  of DNA s tra n d  b reak s , AT cells have been  show n to be 
p ro fic ien t in  d sb  re p a ir  (L ehm ann  a n d  S tevens , 1977) a lth o u g h  
observed a t  a  lower fidelity ra te  (Cox e t al, 1986). The lack  of a n  error- 
p ro n e  re p a ir  p ro cess  in  AT cell h a s  b een  sug g ested  a s  one of th e  
p o ss ib le  fac to rs responsib le  for th e  observed hypom utab ility  (Arlett 
an d  H arcourt, 1983). T his su p p o rts  evidence for the  im portance of the  
e rro r-p rone  rep a ir pathw ay in  m u ta tion -induction . In view of th e  high 
m utab ility  observed in case of x rs 5 cells, it  cou ld be suggested th a t  in  
add ition  to m isrepa ir of dsb , a n  increased  probability  of in te rac tion  of 
d sb  held  open in  x rs  5 cells resu ltin g  in  fixation of the  dam age would 
acc o u n t for th e  hyperm utab ility . T his view is suppo rted  by  s tu d ies  in  
w hich  a  reduced  m u ta tio n  frequency  is observed in  cells exposed to a  
f ra c tio n a te d  dose  of ra d ia tio n  w h ich  is  th o u g h t to  re d u c e  th e  
p robab ility  of lesion m isrepa ir (Asquith, 1977)
The x rs  (tk-) m u ta n t cells iso lated  following exposure to 1 Gy of 
X -rays w ere u se d  to confirm  th e  lo ss of thym id ine  k in ase  activ ity  
w h ich  su p p o rts  the  p resence  of a  genetic change a t the  tk  locus. The 
sp o n ta n e o u s  reversion  frequency  p e r surv ivor of le ss  th a n  10-6 in 
xrs(tk-) cells su p p o rt the  p resence  of a  stab le  genetic change a t th e  tk  
lo cu s . T h is view is fu r th e r  su p p o rte d  by  th e  re s u lts  of th e  DNA 
sy n th esis  a ssay  (Figure 4.4) in  w hich the  m u ta n t cells show  no u p tak e  
of activ ity  (^HTdR) in  co m p ariso n  to th e  lin ea r u p tak e  of activ ity  
observed in  the  x rs 5 (non-m utagenised) cell population . A m ethy lated  
copy of th e  otherw ise functional x rs  repa ir gene in  the  x rs  s tra in s  h a s  
b e en  show n to allow th e  in c reased  rad ia tio n  sensitiv ity  observed  in  
th e s e  cells (Jeggo a n d  H olliday , 1986). T re a tm e n t w ith  AZ, a n
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in h ib ito r  of DNA m é th y la tio n  h a s  show n to  h ave  in c re a se d  th e  
surv iv ing  frac tio n  in  x r s  cells (Jeggo an d  Holliday , 1986). S u ch  a  
phenom enon  in  m u tag en esis  h a s  been show n to  give rise  to epigenetic 
m u ta tio n s  w h ich  a re  generally  u n stab le  th u s  c an n o t be classified a s  
t ru e  m u ta n ts .  H ow ever x r s  {tk-) cells show  no reversion  to a  tk+  
pheno type (Figure 4.3) following trea tm en t w ith  AZ w hich  su g g est a  
s tru c tu ra l change  ex is ts  in  th e  o ther functional tk  gene ra th e r  th a n  a  
su p p re ss io n  of th e  t k  gene activity due  to  m éthy la tion . All th e se  
a n a ly se s  of th e  x r s  (tk-) m u ta n t cells confirm  th e  lack  of t k  gene 
activity a n d  fu rth erm o re  a re  sim ilar to re su lts  ob tained  w ith  the  tk -  
m u ta n t cells ob ta ined  after trea ting  CHO KI cells w ith  X-rays (i.e TK4: 
see ch ap ter 3). T liis sim ilarity  would suggest a  sim ilar type of m u ta tion  
in  bo th  CHO KI an d  xrs  5 cells w hich leads to  the  tk- phenotype.
M u ta tio n s  m e a su re d  a t  th e  tk  lo cu s show  a  n ea rly  5 fold 
en h an ced  m u ta tio n a l re sp o n se  in  com parison  to th e  h p r t- in d u c e d  
m u ta tio n s  in  b o th  CHO KI an d  x rs  cells trea te d  w ith  X -rays (Figure 
4.5). This is in  agreem ent w ith  previous s tu d ies  w hich also  observed a  
h igh  ra tio  of m u ta n t  frequencies ob tained  w hen  th e  ta rg e t gene is 
heterozygous e.g. tk  (DeMarini e t al, 1989., E vans e t al, 1986., W aldren 
e t al, 1979., S tankow sk i an d  Hsie, 1986). The difference of m utab ility  
be tw een  th e  tk  an d  h p rt  loci is suppo rted  by  the  suggestion  th a t  a  
c lass of m u ta tio n s  m ay  be  recovered a t  th e  heterozygous locus while 
be in g  le th a l a t  th e  hem izygous locus. T h is view is su p p o rte d  by  
observation  of th e  two size i.e large and  sm all TFT^ m u ta n t colonies 
recovered in  m u ta tio n  a s sa y  in  m u ta tio n  a ssa y s  u s in g  L5178Y cells 
(Moore et al, 1987., E vans e t al, 1986., Yandell et al, 1986., S tankow si 
a n d  H sie , 1986). T he sm a ll co lon ies have  b een  show n  to have 
undergone  m u ltilocus dele tions w hich affect essen tia l genes linked to 
th e  tk  gene w hile th e  large colonies a re  rep resen ta tive  of single-gene 
m u ta tio n s  (Moore e t al, 1985 a ,b). The inability  of th e  hprt locus to 
recover d e le tio n s affecting  n e ighbou ring  e sse n tia l genes is ev iden t 
from the  absence  of sm all-colony hprt- m u ta n ts  in  L5178Y cells w hich 
is suggested  to be d u e  to non-viability  of th ese  m u ta n ts  (Clive e t al, 
1980). The im portance  of a  hom ologous chrom osom e in  th e  recovery 
of m u ta n t cells w as evident from som e early  experim ents by  W ebber 
and  de S e rres  (1965) who reported  increased  le thal effects in  haploid  
s tra in s  of N eurospora  C rassa , F u r th e r  ev idence w as provided by 
m u ta tio n  experim ents u s in g  a  cell s tra in  (LY-R83) w hich  is know n to
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have a single chrom osom e (num ber 11) carrying the  tk  locus in w hich 
the  induction  of m u ta tio n s  were sim ilar to th o se  observed a t the  hprt 
locus following tre a tm e n t w ith  X -rays (Wolff, 1971., G raf and  C hasin ,
1982 ., W aldern  e t a l, 1979). F u rth e rm o re , th e  h igh  m u ta b ility  
obse rved  a t  th e  t k  lo c u s  th a n  a t  th e  h p r t  lo cu s  su p p o r t  th e  
suggestions th a t  a  d ifferent m echan ism  opera tes for the  generation  of 
m u ta n ts  a t au to som al hetereozygous loci. B ased  on above m entioned  
observations , th e  e n h an c ed  m u tab ility  in th e  xrs  5 cells (Figure 4.2) 
despite  the  increased  rad ia tio n  sensitiv ity  suggests th a t the  m u ta tiona l 
events o u tn u m b er the  le th a l events a t the  tk  locus possibly due to the  
p re se n c e  of active  co p ies  of th e  linked  e s se n tia l  genes on  th e  
hom ologous chrom osom e w hich  th u s  in c re a ses  th e  viability  of the  
m u ta n t  cell population  recovered following trea tm en t.
M utation-surv ival p lo ts  a re  difficult to in te rp re t b u t  have been  
usefu l in com paring  th e  m u ta tion -inducing  ability  of m u tagens w hose 
'dose' is  difficult to e s tim a te  accu ra te ly  e.g  th e  am o u n t of chem ical 
m u tag en  abso rbed  in to  cells differs from th e  calcu lated  concen tra tion  
hence  by  relying on th e  m ore accu ra te  surv ival assay , a  m u ch  m ore 
accu ra te  de term ination  of m u ta tion -inducing  ability  obtained. From  the 
d a ta  p resen ted  in  th is  chap ter , b o th  the  xrs  5 an d  CHO KI d a ta  can  be 
reaso n ab ly  be  fitted w ith  a  com m on line in  a  m uta tion -su rv iva l p lo t 
(Figure 4.6). P revious a u th o rs  (T hacker a n d  Cox, 1975) have a lso  
observed  su c h  a  lin e a r  re la tio n sh ip  to  ex is t be tw een  cell lines of 
different rad iosensitiv ities e.g. h u m a n  diploid fib rob lasts an d  C hinese 
h a m s te r  V79 cells w hich  is in te rp re ted  in te rm s of a  fixed probability  
of m u ta tio n  in d u c tio n  re la tive  to  th e  le th a l effects of th e  ionizing 
ra d ia tio n  (T hacker e t al, 1977). S u ch  a  l in e a r  p lo t c an  a lso  be 
in te rp re ted  a s  evidence for a  com m on type  of lesion  (dsb?) w hich  
allows cell survival b u t  is fixed and  expressed a s  a  non-lethal m utation . 
H ence from  th e  reduced  dsb  rep a ir  of th e  xrs  5 cell line (Kemp et al, 
1984), it  m ig h t be  su g g ested  th a t  d sb  re p re s e n t  p re -m u ta tio n a l 
lesions w hich are  fixed a s  non-le thal m u ta tio n s in cells trea ted  w ith  X- 
rays (both CHO KI an d  xrs  5 cells). The in creased  n u m b er of residual 
d sb  in  xrs  5 cells w ould in c rease  th e  p robab ility  of b o th  le th a l an d  
m is re p a ire d  d sb  th e  la t te r  if  n o n - le th a l cou ld  a c c o u n t for th e  
hyperm utab ility  observed in xrs  5 cells.
C ytogenetic  an a ly s is  of xrs  5 cells exposed to  X -rays show  a  
h igher n u m b e r of chrom osom e ab erra tio n s  (exchanges and  deletions)
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in  com parison  to those observed in th e  p a ren t CHO KI cell line (Bryant 
e t al, 1987., D arroud i a n d  N a ta ra jan , 1987a ,b ., Kem p an d  Jeggo , 
1986). T hese resu lts , in  view of th e  high m u ta tion  ind u ctio n  observed 
in  xrs  5 cells, would suggest rad ia tion-induced  dsb  a s  a  com m on lesion 
for b o th  th e  form ation  of chrom osom e ab e rra tio n s  a n d  ind u ctio n  of 
m u ta tio n s . T h is n o tio n  is  su p p o rte d  w ith  th e  o b se rv a tio n  th a t  a  
p ropo rtion  of rad ia tio n -in d u ced  hprt m u ta n ts  bo th  in  h u m a n  diploid 
fib ro b la s ts  (Cox an d  M asson , 1978) a n d  in  C h inese  h a m s te r  cells 
(T hacker , 1981., B row n a n d  T h ack er , 1984) a re  a sso c ia te d  w ith  
cytological de tectab le  X -chrom osom e changes w hich  c a rries  th e  h prt 
gene and  w hich includes deletions and  translocations.
In conclusion , it c an  be  suggested  th a t  in a  m echan ism  sim ilar to 
th a t  p ostu la ted  for the  form ation of chrom osom e ab erra tio n s form ation 
(B ender e t al, 1974., N a ta ra jan  an d  Obe, 1984) m u ta tio n s  arise  a s  a  
r e s u l t  of a n  m is re p a ir  of th e  in d u c e d  dsb  v ia  th e  fo rm ation  of 
ch rom osom e a b e rra t io n s  in  p a r t ic u la r  d e le tio n s o r a  n o n -le th a l 
exchanges.
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5.1 Introduction
To fu r th e r  investigate  th e  role of rad ia tio n -in d u ced  dsb  in  the  
p ro cess  of m u tag en esis , th e  effect of inh ib ition  of d sb  rep a ir  in  th e  
p a re n t cell line , CHO KI w as investigated w ith  cells exposed to X -rays 
alone or in  com bination  w ith  a ra  A an d  th e  su b se q u e n t induc tion  of 
m u ta tio n s  m easu red  a t  th e  tk  locus. T his w ork w as b ased  on earlier 
observations of B ry an t an d  B locher (1982) a n d  Iliak is a n d  B ryan t 
(1983) who found repa ir of d sb  to be inh ib ited  in  the  presence  of two 
nucleo tide  analogues , ^ - a r a  A and  J3-ara C in  E hrlich  a sc ites  tu m o u r 
cells (EAT) m ea su re d  by  n e u tra l  velocity  se d im e n ta tio n  a n d  DNA 
unw inding  techniques.
5 .1 .1  Properties and  m ode o f  action o f  ara A
The d rug  9-jS-D -arabinofuranosyladenine (ara A) is  a  nucleotide 
analogue of deoxyadenosine w hich  h a s  been  show n to have a  strong  
in h ib ito ry  effect on DNA sy n th e s is  (Doering e t al, 1966., M ü ller, 
1979). T h is d rug , f irs t sy n th esized  chem ically  in  1960 (Lee e t al, 
1960), h a s  a n  iden tica l m olecu lar s tru c tu re  to  th e  adenosine  except 
for th e  2' position  in  th e  su g a r  m oeity. B u t ara-ATP com petes w ith  
dATP (d e o x y a d e n o s in e  t r ip h o s p h a te ) ,  n o t  ATP (a d e n o s in e  
triphosphate) , so although  it  is m ore sim ilar in  s tru c tu re  to adenosine , 
i t  som ehow  m im ics th e  analogue deoxyadenosine to  give rise  to the  
observed DNA sy n thesis  inh ib ito ry  action. The chem ical s tru c tu re s  of 
th e  th ree  nucleotides are  p resen ted  in  figure 5.1.
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Adenosine A rabinofuranosyladenosine Deoxyadenosine
Figure 5,1 Chemical s tru c tu re  of adeosine and  its  two analogues , a ra  A 
a n d  deoxyadenosine.
In add ition  to its  s trong  an tiv ira l p ro p ertie s  (S hannon , 1975), 
a ra  A h a s  also  been  show n to have  im p o rtan t a n titu m o u r cytotoxic 
p ro p ertie s  (Ortiz e t al, 1972., Gale a n d  Foon , 1986) w hich  have b een  
su g g ested  to  be u se fu l in  som e form s of can ce r th e ra p y  (Lee e t al, 
1960) in  con junction  w ith  rad ia tion  th e rap y  (Iliakis, 1980). D ue to  its  
id en tica l s tru c tu re  to  th e  adenosine , th is  d ru g  h a s  been  show n  to 
read ily  p e n e tra te  th e  cell m em brane  (M üller e t al, 1975., B rink  and  
LePage, 1964) w here  it  a c ts  on  D N A -dependent po lym erases (Brink 
a n d  LePage, 1964., D oering e t al, 1966., F u r th  a n d  C ohen , 1968., 
M ü ller e t al, 1975, 1977., Dicioccio a n d  Srivastava , 1977., O k u ra  and  
Y osh ida , 1978) to  in h ib it DNA sy n th e s is . O u t of th e  th re e  DNA 
po lym erases in  m am m alian  cells (Miller and  C hinau lt, 1982), a ra  A h a s  
b een  found to selectively inh ib it polym erase a  and  JB (Furth  and  Cohen ,
1967., M ü ller e t al, 1975., O kura  a n d  Yoshida, 1978). S tud ies on DNA 
sy n th e s is  show  th a t  a ra  A is readily  phosphory la ted  on  en try  in to  th e  
cell. T he m ain  com ponent of in trace llu la r a ra  A (60%) is in  th e  form  of 
J3-ara ATP while th e  re s t  is p resen t a s  b o th  m ono- a n d  di p h o sp h a te s  
(M üller e t al, 1977).
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In a  s tu d y  using  Escherichia Coli (Ohno e t al, 1989) an d  H erpes 
v iru s (Muller e t al, 1977), the  phosphory la ted  form of a ra  A w as found 
to be  incorporated  in to  the  DNA, resu lting  in  chain  te rm ina tion  due  to 
inhib ition  of DNA synthesis. In m am m alian  cells, a ra  A h a s  b een  show n 
to be incorporated  into th e  DNA only in  sm all am o u n ts  hence does n o t 
re su lt in  any  significant chain  term ination . The phosphory lated  form  of 
a ra  A in  m am m alian  cells is  th o u g h t to b in d  to DNA polym erase , 
com petitive ly  inh ib iting  th e  u tiliza tion  of th e  no rm al su b s tra te , dATP 
(M ü ller e t al, 1975). T he re la tiv e  in h ib itio n  of a  a n d  JB DNA 
po lym erases by  a ra  A h a s  been  controversial. Som e stu d ies  have found 
inh ib ition  of a  polym erase (M üller e t al, 1977., O k u ra  and  Y oshida ,
1978., S tam m berger e t al, 1989) while o th e rs  have found  a n  equal 
inh ib ition  of bo th  a  and  JB po lym erase (Dicioccio and  Srivastava , 1977). 
In a  m ore re c e n t s tu d y  (Miller a n d  C h in au lt , 1982), th e  type  of 
p o ly m erase  involved in  r e p a ir  s y n th e s is  w a s  su g g e s te d  to  be  
dep en d en t on the  'p a tch  size' o r th e  ex ten t of dam age induced  in  the  
DNA. Polym erase JB is proposed a s  playing a  role in  'sh o rt-p a tch ' repa ir 
(1-5 nuc leo tides) w hile p o ly m erase  a  is th o u g h t to  be involved in  
re p a ir  involving a  25 -50  n u c leo tid e  in se rtio n  (Miller an d  C h in au lt ,
1982., W ang an d  Kom , 1980., C leaver, 1984). The p red o m in an t type 
of X -ray induced  dam age is believed to involve the  sh o rt-p a tch ' rep a ir 
m ech an ism  (Pain ter a n d  Young , 1982., Fox a n d  Fox, 1973) h ence  
po lym erase JB h a s  been  suggested  a s  m ore likely to  be  involved th a n  
p o ly m e ra s e  a  d u rin g  in h ib itio n  of the  rep a ir by  a ra  A (Iliakis e t al,
1982., M irzayans et al, 1988)
5 .2 . M aterials and m ethods
5.2.1 Cell culture
F or all experim en ts th e  p a re n t  CHO KI w as u sed , m a in ta in ed  an d  
p a ssa g e d  a s  d escrib ed  in  se c tio n  2.2. However, for all m u ta tio n  
ex p erim en ts  (except for DNA sy n th e s is  m easu rem en ts)  w ith  a ra  A, 
p la te a u -p h a s e  cell c u ltu re s  w ere  u sed . P rio r to  p e rfo rm in g  th e  
m u ta tio n  experim ents , cells w ere passaged  in  HAT/MEM for 3-5  days 
to elim inate any  pre-existing tk- m u ta n t cells.
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5.2 .2  Inhibition o f  DNA sy th es is  b y  ara A
U n labelled exponentially growing CHO KI cells, a t a  concen tra tion  of 
5 x lO ^ c e lls /m l in  V -tu b es w ere placed  in  a  w a te rb a th  a t 37°C an d  
allowed to equilibrate for 15 m inu tes. Ara A w as added  in  the  form of a  
45 mM solu tion  in  0 .2  M HCl to various final co n cen tra tio n s  (25-200 
|iM). Cells were th en  in cu b a ted  for 30  m inu tes in  th e  p resence  of a ra  
A to allow the  form ation an d  equilibration  of a  pool of a ra  ATP. 100 |xl 
(l|xCi) of^HTdR w as sq u irted  in to  each  sam ple a t  v a rio u s tim es. After 
in cu b a tio n  w ith  ^HTdR for 10 m in u tes  a t 37°C , 5 m l of ice-cold saline 
w as added  forcefully a n d  sam p les w ere placed on  ice. W hen all the  
sam p le s  h a d  b een  accu m u la te d  on  ice, th ey  w ere cen trifuged , th e  
su p e rn a ta n t  a sp ira ted  an d  th e  pellet vortexed. 1 m l of 0 .03  M NaOH 
w as added to lyse th e  cells, followed 10 m inu tes la te r  by  1.5 ml of 0 .62 
M trich loroacetic  acid (TCA). Sam ples were sto red  overn igh t a t 4°C to 
allow  p rec ip ita tio n  of th e  DNA. The DNA w as th e n  collected  onto  
g lass-fib re  filters (W hatm an), r in sed  twice w ith  ice-co ld  0.31 M TCA 
a n d  o n ce  w ith  ice -co ld  e th a n o l. F ilte rs  w ere  t r a n s fe r r e d  to  
sc in tilla tio n  v ials an d  4 m l of sc in tilla tion  cock tail (O ptiphase MP, 
LKB) added . The radioactiv ity  p e r filter w as de te rm ined  u sin g  a  liquid 
sc in tilla tion  coun te r (LKB).
5 .2 .3  A ra A  trea tm ent in m utation experim ents
A pprox im ate ly  10^ cells w ere p la ted  in  25 cm^ fla sk s  (Sterlin) an d  
grow n for 3-4 days to allow th e  cells to a tta in  th e  s ta tio n a ry  ph ase  of 
grow th. A ra A w as ad d ed  in  th e  form  of a  45  mM so lu tio n  to  the  
s ta tio n a ry  c u ltu re s  to  give a  final w orking co n cen tra tio n  of 100 \iM. 
The flask s w ere in cu b a ted  for 4 5 -60  m inu tes before irrad ia tion . This 
p re-irrad ia tion  trea tm e n t h a s  b een  found to m axim ize th e  effect of a ra  
A (Iliakis, 1980) an d  is also  th o u g h t to rep resen t th e  tim e required  for 
th e  fo rm ation  a n d  eq u ilib ra tio n  of a pool of a ra  ATP (B ryant and  
B locher, 1982). Following X irrad ia tion , cells w ere fu r th e r  in cu b a ted  
for 3 h rs  in  the  p resence  of a ra  A before trypsin is ing  an d  p lating  a t  a  
low er cell d en sity  (2 x  10^ cells) in  75 cm^ flask s (Sterlin) in  fresh  
no rm al m edium . Cells w ere in cu b a ted  for an  add ition a l 4 days w hich 
w as found  to be  th e  op tim um  expression  tim e (section  3.3.1) before 
p la ting  o u t for th e  m u ta tio n  assay . A sim u ltaneous cell survival a ssay  
w as ca rried  o u t a fte r th e  3 h r s  p o st-irrad ia tio n  period . Cells w ere 
d ilu ted  to  give approx im ate ly  100-800  cells p e r  d ish  (depending on
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th e  ra d ia tio n  dose) a n d  p la ted  in  M EM /FCS in  5 cm  p e tr i d ish e s  
(Sterlin), T hese d ish es  w ere th en  incubated  a t  37°C for 8 days. T he 
re s u lta n t colonies w ere rin sed  twice w ith S orenson 's  bu ffer (pH 6.4), 
fixed in  m e th an o l for 20  m in u te s  and  s ta in e d  w ith  c o n c e n tra te d  
Giemsa.
5.2.4 Mutation a ssa y
The m u ta tion  a ssay  u sed  to m easure  the induced m u ta tio n  frequencies 
in  cells exposed to X -rays alone or in com bination  w ith  a ra  A, w as 
sim ilar to  th a t  a lready  described  in  section 2.3. The m odifications in  
the  experim ental protocol are  sum m arised in figure 5.2.
5.2.5 A ra A  dose response
S ta tio n ary  cell c u ltu re s  in  25 cm2 flasks (Sterlin) w ere exposed to  4 
Gy of X -rays in  com bination  w ith  increasing co n cen tra tio n s  of a ra  A 
(25-400 pM). Parallel con tro l flasks with sim ilar co n cen tra tio n s of a ra  
A w ere a lso  se t  u p , b u t  were n o t exposed to  X -rays. Follow ing 
irrad iation , th e  protoco l w as sim ilar to th a t described in  sec tion  2 .4  to 
determ ine the  induced  m u ta tion  frequencies.
5 .2 .6  M easurem ent o f  chromatid breaks using the  Gg a ss a y
For each  experim en t, 10 flasks (75 cm2) w ere s e t  u p  to a tta in  a  
p la te a u -p h a se  cell c u ltu re  (CHO KI) in the  p resen ce  of M EM /FCS. 
These inc luded a  control sam ple , a ra  A control, 4 flasks trea te d  to X- 
rays alone an d  4 flasks exposed w ith X-rays in  com bination  w ith  a ra  A 
(100p,M). All th e  sam ples were exposed as m onolayers to  a n  X -ray dose 
of 0 .75  Gy. To each sam ple , a ra  A w as added and  in cubated  a t  37°C for 
60  m in u te s  p rio r to  irrad ia tio n . This w as followed by  3 h r  p o s t­
irrad iation  incubation  a t  37°C in  the presence of a ra  A. The conditions 
w ere k e p t id en tica l to  th o se  m ain ta ined  for th e  m u ta tio n  a s s a y  
(section 2.4). Following Irradiation , cells were h a rv es ted  a t  d ifferent 
tim es to prepare  slides. M etaphases were harvested  by  m ito tic  sh ak e- 
off following exposure to  colcemid (30 m in a t 0 .04  jig/m l). H arvesting  
w as perform ed 1, 2, 3, and  4 h r  after the  3 h r  a ra  A trea tm e n t. An 
in terval of 30 m in w as left betw een the final (i.e. Ihr) irrad ia tio n  an d  
the  add ition  of colcem id to minimize the risk  of sco ring  cells w hich
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h a d  been  In m itosis a t the  tim e of irradiation. Cells were th en  exposed 
to hypo ton ic  so lu tion  (7 m in  a t  0 .075 M KCl), fixed w ith  ice-co ld  
m ethano l : glacial acetic acid (3:1) and left overnight. After w ash ing  3 
tim es in fixative, su sp e n s io n s  w ere dropped on  to  ice-co ld  p re ­
cleaned  slides and  gently flame dried. This slides were th e n  s ta in ed  in  
3% G iem sa for 10 min.
The n u m b ers  of chrom atid  aberra tions were scored  accord ing  to  th e  
c riteria  outlined by Savage (1975) as cited in Scott et al (1983).
5 .2 .7 . X  irradiation
As already described in section 2.3.
Repair inhibltion/93
T=0 A ra A (lOOfxM) added  to 
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COLONIES FIXED AND STAINED
Figure 5.2. Sum m ary  of th e  m odifications to the  m u ta tio n  assay
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5.3 Results
5 .3 ,1 . Inhibition o f  DNA sy n th es is  using ara A  in CHO KI cells 
T he in h ib ito ry  action  of th e  nu c leo sid e  an a lo g u e  a r a  A on  DNA 
sy n th e s is  w as tes ted  by  m ea su rin g  th e  e x ten t of ^H TdR  ( tr itia te d  
thym idine) incorpora tion  in to  the  DNA of CHO KI ce lls d u rin g  a  10 
m in u te  pu lse . The a m o u n t of ^H -activity  in co rp o ra ted  in to  th e  cells 
m easu red  in  the  presence of various a ra  A concen tra tions is  p resen ted  
in  figure 5.3.
100
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70 -II 60 •;50:40 :30 :
20 :
10  -
150 2 0 0100500
A ra A (|xM)
F ig u re  5 .3 . DNA s y n th e s is  a ssa y e d  u s in g  ^H T dR  in c o rp o ra tio n  
m e a su re d  a t  in c re as in g  c o n c e n tra tio n s  of a ra  A in  exponen tia lly  
growing CHO KI cells.
T here  w as a  s tro n g  decrease  in  th e  in co rp o ra tio n  of ^ H T d R  
betw een  th e  a ra  A co n cen tra tio n  range of 0-25 |xM. However beyond 
50 |xM, th e  inco rpo ra tion  of activ ity  levelled off w ith  no  s ign ifican t 
difference observed even a t  the  h ig h est concen tra tion  u se d  (200 pM). 
H ence for all the  m u ta tio n  experim ents u sing  a ra  A, a n  in te rm ed ia te  
c o n ce n tra tio n  of 100 |iM w as ch o sen  to  achieve in h ib itio n  of DNA 
sy n th e s is  while reducing  a n y  possib le  toxic effects of th e  d ru g  w hich  
m ig h t have a risen  w ith  th e  h igher concen tra tions. S ince th e  re su lts
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w ere o b ta in ed  w ith  exponen tia lly  grow ing cells , th is  im p lies th a t  
sem i-conservative DNA syn thesis can  virtually  be inh ib ited  by  the  a ra  A 
c o n cen tra tio n  ran g e  of 50 -200  pM. The in co rp o ra tio n  of ^HTdR in  
co n tro l sa m p le s  (w ithou t a ra  A) w as d es ig n a ted  a s  100%  DNA 
sy n th esis  and  o ther va lues were rep resen ted  a s  a  percen tage  of th is  
control value.
5.3 ,2. Survival a ssay/C H O  KI cells
T he re su l ts  of th e  surv ival a ssa y  of CHO KI cells exposed to X -rays 
alone or in  the  presence  of a ra  A (100 pM) are  p resen ted  in  figure 5.4. 
The a ssa y  w as perform ed after the  3 h r  post-irrad iation  incu b a tio n  for 
bo th  the  sam ples exposed to X-rays alone or in the  p resence of a ra  A.
0.0
Dose (Gy) 
2.0 4.0 6.0
1 #
I
I
.001
O X - r a y s  +  A r a  A  (1 0 ( jp /^ )  
#  X - r a y s
Figure 5.4. Survival curves of CHO KI cells exposed to X-rays alone or 
in  com bination  w ith  a ra  A. V ertical b a rs  rep re se n t s ta n d a rd  e rro rs of 
m ean  va lues from th ree  independen t experim ents.
Cell trea ted  w ith  a ra  A for 3 h r  following irrad ia tion  show ed a  
decreased  survival relative to th e  u n trea ted  controls (X-rays alone). 
The survival curve of exponentially  growing xrs  5 cells exposed to X-
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rays only is p lo tted  for com parsion in  figure 5.5 together w ith  the a ra  
A an d  control da ta .
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Figure 5.5. Survival curves of p la teau  phase  CHO KI cells exposed to X- 
rays alone or in  com bination w ith a ra  A. Also included  in  the  plot is the  
m u ta tio n  d a ta  of x r s  5 cells exposed to X -rays a lone. V ertical b a rs  
rep re se n t th e  s ta n d a rd  e rro rs of m ean  va lues from  th ree  independen t 
e x p e rim e n ts
The x rs  5 cells exposed to X -rays alone show ed a n  exponential 
decrease  in surv ival w ith  increasing  dose. In com parison , th e  CHO KI 
survival curves w ith  or w ithou t a ra  A d isp lay  a  shou lder. CHO KI cells 
trea ted  w ith a ra  A show ed a  sh ift tow ards th e  xrs  survival curve , w hich 
m ay  in d ica te  a  red u c tio n  in  th e  sh o u ld e r a sso c ia ted  w ith  increased  
dam age expression , or a n  inhib ition  of repair.
5 .3 .3 . Spon taneously  induced m utation frequencies  
The re su lts  of th e  spon taneously  induced  m u ta tio n  frequencies in CHO 
KI ce lls a ssay ed  following p re -trea tm en t in  HAT/MEM , are  p resen ted  
in  tab le 5.1.
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T re a tm e n t M utations per 10® survivors
S ta n d a rd  erro rs of 
m ean  values
S pon taneous 5.6 3 .6
a ra  A 
(100 pM)
5.7 2 .8
T able 5.1. M u ta tion  frequencies for sp o n ta n eo u s  a n d  a ra  A contro l 
sa m p le s . E a c h  v a lu e  re p re s e n ts  th e  av erag e  of a t  le a s t  th re e  
in d e p e n d e n t experim en ts.
The a ra  A contro l sam p les show ed a  m u ta tio n  frequency of 5.7 
p er 10^ survivors w hich w as assayed  in confluent cell c u ltu res  exposed 
to  th e  d ru g  a lone  (100 pM). T h is is s im ila r to  th e  sp o n ta n eo u s ly  
in d u ced  m u ta tio n  frequency  (5.6 p er 10® survivors), b o th  of w hich  
w ere m easu red  a fte r 4 days expression period. This low background  of 
m u ta tio n  frequencies is  im p o rta n t in  e lim ina ting  a n y  e rro rs  in  the  
q u a n ti ta t iv e  c a lc u la tio n  of m u ta tio n  f re q u e n c ie s  w h ic h  m ig h t 
o therw ise  be p re se n t in  cell lines w ith  a  h igh  b ack g ro u n d  m u ta tio n  
frequencies.
5 .3 .4 . Induced m utation frequencies  in CHO KI cells 
The induced  m u ta tio n  frequency curves in  CHO KI cells exposed to  X- 
ray s  alone o r in  com bination  w ith  a ra  A (100 jiM), a re  p resen ted  in 
figure 5.6.
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Figure 6.6. M utation in d u c tio n  curves for CHO KI cells exposed to X- 
ray s  a lone  or in  th e  p resen ce  of a ra  A. V ertical b a rs  re p re se n t th e  
s ta n d a rd  e rro rs of m ean  va lues from  th ree  independen t experim ents.
P la teau -phase  CHO KI ce lls exposed to X -rays a n d  p o st-trea ted  
w ith  a ra  A show  a 2-3 fold en h an ced  frequency of in d u ced  m u ta tio n s  
co m p ared  to  c u ltu re s  ex p o sed  to  X -rays a lone  (figure 5 .6). T he 
b ackg round  m u ta tio n  frequencies have been  su b tra c ted  from  th e  d a ta  
po in ts . In order to com pare th e  effect of Inhibition of d sb  rep a ir  by  a ra  
A on  m u ta tio n  induction , th e  m u ta tio n  d a ta  ob tained  following X -ray 
exposure  of exponentially  grow ing xrs  5 cells is rep lo tted  in  figure 5.7.
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Figure 6.7. M utation curves for CHO KI cells exposed to X -rays alone or 
in  th e  p re sen c e  of a r a  A. T he x r s  5 m u ta tio n  d a ta  in  w h ich  
e x p o n e n tia lly  grow ing c u l tu re s  w ere exposed  to  X -ray s  is  a lso  
included . V ertical b a rs  rep re se n t the  s ta n d a rd  e rro rs of m ean  values 
from  th ree  in d ep en d en t experim en ts.
T he a ra  A m u ta tio n  d a ta  does n o t show  th e  h y p e rm u tab ility  
observed  in  th e  case  o f x r s  5 cells. However, th is  a ra  A curve 
re p re se n ts  a n  in te rm ed ia te  betw een conditions of no rm al rep a ir  (CHO 
KI cells) and  d sb -repair inh ib ition  (xrs 5 cells).
5 .3 .5  EJfect o f  ara A  concentration on m utation induction  
F igure 5.8 show s the  induced  m u ta tion  frequency m easu red  in p la teau - 
p h a se  CHO KI ce lls exposed  to a  single dose of X -rays (4 Gy) in  
com bination  w ith  increasing  concen tra tions of a ra  A (50-400 pM).
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Figure 5.8. Effect of Increasing  concen tra tion  of a ra  A on the  frequency 
of m u ta tio n s  in  cells exposed to X -rays (4 Gy). B ackground  m u ta tio n  
fre q u e n c ie s  w ith  th e  resp ec tiv e  a ra  A c o n c e n tra tio n  have  b e e n  
su b tra c te d  from  th e  d a ta  p o in ts  show n  in  th e  g rap h . V ertical b a rs  
rep re se n t th e  s ta n d a rd  e rro rs  of m ean  va lues from  th ree  independen t 
ex p erim en ts .
T he p lo t show ed a n  in itia l n e a r  lin e a r in c re ase  lead ing  to  a  
p la teau , followed by  a  sh a rp  decline in  th e  induced  m u ta tion  frequency 
a t h igh  concen tra tions. For all the  d a ta  po in ts show n in  figure 5.8 , th e  
b a c k g ro u n d  m u ta t io n  f re q u e n c ie s  m e a s u re d  a t  th e  v a r io u s  
concen tra tions alone (w ithout X-rays) have been  sub trac ted .
5 .3 .6  R elationship be tw een  m utation fie q u e n c y  and  cell survival 
A  p lo t of induced  m u ta tio n  frequency v e rsu s log surviving fraction for 
CHO KI ce lls exposed to  X -rays a lone or in  com bination  w ith a ra  A is 
p resen te d  in  figure 5 .9 . The x r s  5 (exponential cells) m u ta tio n  d a ta  
from  c h a p te r  3 following tre a tm e n t w ith  X -rays h a s  been  rep lo tted  in  
th e  figure below.
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Figure 5.9 . Plot of the  induced  m u ta tio n  frequencies vs log surviving 
frac tio n  a fte r  irrad ia tio n  of CHO KI ce lls w ith  X -rays alone or in  
com bination  w ith  a ra  A. The x r s  d a ta  from  c h a p te r  4  h a s  also b een  
replo tted . B oth the  vertical and  horizontal b a rs  rep re se n t the  s ta n d a rd  
e rro rs  of m ean  values from th ree  in d ep en d en t experim ents.
All se ts  of d a ta  show  a n  increase  in m u ta tio n  frequency w ith  a  
d ecrease  in  cell survival. A com m on line can  be  be fitted to all th e  
th re e  d a ta  p o in ts  following th e  th ree  d ifferen t types of tre a tm e n ts  
cond itions.
5 .3 .7 . Effect o f  ara A  on the frequency  o f  chrom atid aberrations 
The re s u lts  of th e  experim ents in  w hich  cells w ere X -irrad iated  an d  
in cu b a ted  u p  to the  tim e of fixation in  the  p resence  or absence of a ra  
A, are  show n in  table 5.2 and  figure 5.10.
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Tim e a fte r
irrad ia tio n  A berrations per 100 m etap h ases 
T re a tm e n t beforefixation
 ____________   (h r)_G aps Deletions Total
C ontrol 1 2 1 3
A ra A (control) 1 5 12 17
X-rays 1 9 6 2 9 2 3 9 8
X-rays 2 57 159 2 1 6
X-rays 3 3 3 8 7 120
X-rays 4 2 2 62 8 4
X-rays + a ra  A 1 125 2 9 3 4 1 8
X-rays + a ra  A 2 133 3 1 3 4 4 6
X-rays + a ra  A 3 118 2 8 3 401
X-rays + a ra  A 4 156 2 5 6 4 1 2
Table 5 .2 . Yield of chrom atid  b rea k s  In CHO KI cells exposed to  X-rays 
a lone (0.75 Gy) or in  th e  p resence  of a ra  A (100 |i,M). D a ta  h a s  been  
ta k e n  from  Singh et al, 1990. Scoring w as done by Predrag  Slijepcevic.
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Figure 5.10. F requency of chrom atid  aberrations a s  a  function  of tim e 
in  cells exposed to X -rays alone or to X-rays and  100 pM a ra  A. G raph  
rep lo tted  from Singh e t al, 1990.
For cells exposed to  X -rays only, a t  1 h r  before fixation , th e  
frequency of induced  b reak s  p e r cell w as approxim ately  40  b reak s  per 
100 cells and  the  n u m b er of th ese  decreased  exponentially  a s  th e  tim e 
of p o s t-irrad ia tio n  in c u b a tio n  w as increased . In  c o n tra s t , for ce lls 
exposed to X-rays a t  va rious tim es after trea tm e n t w ith  100 pM a ra  A 
a n d  held in the  p resen ce  of a ra  A from  the  tim e of irrad ia tio n  u n til 
fixation , the frequency of b reak s rem ained  constan t.
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5.4 Discussion
T he h y p e rm u tab ility  observed in  th e  rad io sen sitiv e  x r s  5 cell 
line  (c h a p te r  4) im p lica ted  d sb  a s  p re -m u ta tio n a l le s io n s  w h ich  
form ed th e  b a s is  of th e  experim ents d escrib ed  in  th is  chap ter. The 
u se  of rep a ir  inh ib ito rs  for a  specific lesion  in  a n  a ttem p t to resolve 
th e  type of dam age responsib le  for a  defined biological endpo in t h a s  
b een  w idely exploited in  a  n u m b er of s tu d ie s  (Bryant, 1983., B ryan t 
and  B locher. 1982., Iliakis, 1980,1981., M ozdarani a n d  B ryant, 1987). 
In th e  c u rre n t  experim en ts, the  nuc leo tide  analogue  a ra  A, a  d rug  
know n to be a  p o ten t inh ib ito r of DNA sy n th esis  (Doering e t al, 1966., 
F u r th  a n d  C ohen , 1968., M ü ller e t al, 1975), w hich  also inh ib its  the  
repa ir of rad ia tion -induced  dsb  (Bryant an d  B locher, 1982., Iliakis and  
B ryant, 1983) w as u sed  to s tudy  the  effect of d sb -rep a ir inhibition  on 
m u ta tio n  induction  in  CHO KI cells.
B iochem ical s tu d ies  have revealed th a t  on en try  in to  th e  cells, 
a ra  A is read ily  phosphory lated  into th e  correspond ing  5 -m ono-, di or 
tr i-p h o sp h a te s  (Brink an d  Le Page, 1965). T his phosphory la ted  form 
of a ra  A is th o u g h t to b in d  to  DNA po lym erase  s ite s  com petitively 
inh ib iting  th e  u tilization  of th e  norm al su b s tra te  (dATP) th u s  resu lting  
in  a  re d u c e d  DNA s y n th e s is  (M üller e t  a l, 1975). A red u c ed  
incorporation  of ^HTdR w as observed in  exponentially  growing CHO KI 
(figure 5.3) in  th e  p resen ce  of in c reas in g  c o n ce n tra tio n s  of a ra  A 
w h ich  is  ev idence  for s tro n g  in h ib itio n  of sem i-conservative  DNA 
sy n th esis . A p la tea u  in  th e  DNA sy n th esis  w as observed beyond th e  
co n cen tra tio n  of 50 pM. The in term ediate  a ra  A concentr a tion  of 100 
pM w as u se d  for all th e  m u ta tio n  ex p erim en ts  d escrib ed  in  th is  
ch ap te r to com prom ise betw een inh ib ition  DNA sy n th esis  (dsb repair) 
a n d  cell k illing  w h ich  w as found  to  occu r a t  p rogressively  h igher 
concen tra tions. The u se  of th is  concen tra tion  for the  m u ta tion  s tu d ies  
w as c o n s is te n t  w ith  o th e r  s tu d ie s  w h ich  h ave  u s e d  a  s im ila r 
co n cen tra tio n  range  to  in h ib it rep a ir of d sb  in  d ifferent ro d en t cell 
lin e s  w hile m e a su rin g  d iffe ren t b iological e n d -p o in ts  (B ryant an d  
B locher, 1982., Iliakis, 1984).
P la teau -p h ase  CHO KI cells irrad ia ted  in  the  p resence  a ra  A and  
held  for 3  h r  p o st-irrad ia tio n  in  a ra  A show ed a n  increased  rad ia tion  
in d u ced  cell killing (Figure 5.4) w ith  a n  ap p aren tly  reduced  sh ou lder 
region in  th e  survival curve com pared to cells exposed to X -rays alone.
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The shou ld e r of th e  survival curves is often a ttr ib u te d  to e ither an  
accum ula tion  of sublethgd dam age or som e sa tu ra b le  type of rep a ir 
p ro cess  (Alper, 1979). T his increased  rad io sen sitiv ity  observed  in 
cells trea ted  in  the  presence of a ra  A h as  also been  in te rp re ted  a s  the  
'fixation' of potentially  lethal dam age (PLD) in  irrad ia ted  cells (Iliakis,
1980). PLD, first described by Phillips and Tolm ach (1966), w as found 
to  be  rep a ired  u n d e r  p o s t- irrad ia tio n  c o n d itio n s  w h ich  allow ed 
recovery from  dam age w hich  otherw ise is  le th a l in  n o rm al cells. 
P la teau -p h ase  conditions were found to m axim ize th e  rep a ir  of PLD 
w hich  w as how ever Inh ib ited  in  the  p resence  of cond itions w hich  
in h ib it DNA sy n th esis  eg. a ra  A, actinom ycin-D  etc. B ased  on  the  
inh ib ition  of dsb  rep a ir  by a ra  A (Bryant an d  B locher, 1982), th is  
decreased  su rv ival of a ra  A trea ted  cells h a s  b een  su g g ested  as 
evidence for dsb a s  potentially  lethal lesions. T his is fu rth e r  supported  
by  B ryan t (1985), w ho in  a  s tu d y  u sin g  re s tr ic tio n  en d o n u clease  
tre a tm e n t of perm eabilized  cells found a n  in c reased  cell k illing in  
cells trea te d  w ith  a  res tric tion  enzyme w hich  in d u ced  b lu n t-en d ed  
d sb  (Pvu II) w hich  a re  th o u g h t to m im ic ra d ia tio n -in d u c e d  dsb  
(B ryant, 1988, review). The enhanced  rad io sen sitiv ity  observed  in 
exponentially  growing xrs  5 cells (figure 5.10) is th o u g h t to  be  due  to 
its  in h eren t defective dsb  repair ability (Kemp e t al, 1984., C osta  and 
B iyant, 1988) evidence im p licating dsb in  cell killing.
The repair of X-ray induced dsb h as  been  show n to have sim ilar 
k inetics to those of PLD repair (Blocher and  Pohlit, 1982), suggesting 
th a t  the  increased  expression  of PLD (figure 5.4) m ay  be due to  the 
inh ib ition  of dsb  repair. Hence sta tionary  cu ltu res  w ere u sed  for the  
m u ta tio n  experim ents in  a  fu rther a ttem p t to investigate  th e  role of 
rad ia tion-induced  dsb  in m utagenesis. P la teau -phase  c u ltu res  of CHO 
KI ce lls exposed  to  X -rays in  com bination  w ith  a ra  A show  an  
increased  induction  of m u ta tions com pared to cells exposed to X-rays 
alone (Figure 5.5). This increased m utation frequency observed in  CHO 
KI ce lls in  th e  p resen ce  of a ra  A is th o u g h t to reflect add itiona l 
m u ta tio n s  w hich a rise  due to  th e  absence  (or red u ced  level) of dsb  
repair. T his re su lt is sim ilar to the  increased  frequency  of m u ta tio n s 
observed (at th e  h p r t  locus) in  EAT cells exposed to X -rays in  the  
p resence of a ra  A (Iliakis, 1984).
M isrepair b road ly  rep resen ts  one of th e  m ain  m ech an ism s by 
w h ich  m o st m u ta tio n s  a rise  e.g. loss of som e b a se  p a irs  d u rin g
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re jo in ing  of a  b re a k  w ould  re s u lt  in a  de le tion  classified  u n d e r  a  
fram e sh ift m u ta tio n . T he en h an ced  m u ta tio n  freq u en cy  in  a ra  A 
trea ted  CHO KI cells w ould suggest m isrepair of d sb  a s  a  critical step  
in  th e  in d u c tio n  of m u ta tio n s . This re s u lt  m ay  a lso  su g g est th e  |
ex is ten ce  of tw o m e c h an ism s for dsb  rep a ir , one co n s is tin g  of a  t
p a th w ay  w h ic h  is  DNA sy n th e s is  d e p en d e n t , allow ing a  co rrec t 
re jo in in g  of d sb ,  w h ile  th e  second  invo lves a  DNA sy n th e s is  
in d ep en d en t re p a ir  p rocess w hich  m ay re su lt in  th e  m isrep a ir of dsb , 
re su ltin g  in  th e  in c reased  frequency of m u ta tio n  induction ; hence it 
could be suggested  th a t  d sb  m ay follow a  p a rticu la r  rep a ir pathw ay on 
th e  b a s is  o f d iffe ren tia l req u ire m e n ts  of DNA p o lm eriza tio n . In 
add ition  to th is , th e  fate  of a  d sb  m ay be d e p en d e n t on its  specific 
location in th e  DNA.
B ased  on  the  d a ta  ob ta ined  w ith  a r a  A tre a te d  CHO in  the  
p re se n t c h ap te r , th e  in creased  rad iosensitiv ity  of a ra  A trea ted  cells 
(figure 5.4) c o rre la te s  w ith  a n  in c reased  freq u en cy  of m u ta tio n  
in d u c tio n  (figure 5.6). T his co rre la tion  prov ides fu r th e r  su p p o rt for 
th e  no tion  of a  su b -g ro u p in g  w ith in  th e  in itia l pool of induced  dsb  
w hich  w ould h ence  involve two types of d sb -re p a ir  m echan ism s , one 
w hich  re su l ts  in  n o n -rep a ir  of dsb  giving rise  to cell d e a th  while the  
o th e r  involving m is rep a ir  of d sb  w hich m ay  give rise  to n o n -le th a l 
m utations.
The x r s  m u ta tio n  d a ta  from  c h a p te r  3 h a s  b een  red raw n  in  
figure  5 .7  to  allow  a  co m p ariso n  w ith  a ra  A m u ta tio n  d a ta . The 
m u ta tio n  curve of CHO KI cells trea ted  w ith  a ra  A show  a  sh ift tow ards 
th e  x rs  5 curve. The reaso n  for the  difference betw een a ra  A and  xrs  5 
m u ta tio n  cu rves desp ite  inh ib ition  of d sb  rep a ir  in  b o th  cases is n o t 
understood . Two possible reaso n s w hich could acco u n t for th is  would 
be e ither a n  incom plete inh ib ition  of dsb  rep a ir w ith a ra  A or d ea th  of 
som e p resum ptive  tk~ m u ta n t cells due to th e  toxic effects of a ra  A, To 
te s t  for th is  possibility , CHO KI cells were exposed to X -rays (4 Gy) in  
th e  p resence  of in creas in g  concen tra tions of a ra  A (50-200 |iM) and  
th e  co rre sp o n d in g  m u ta tio n  frequency  m ea su re d  (Figure 5.8), The 
in itia l l in e a r  in c re a se  in  m u ta tio n  freq u en cy  b e tw een  th e  a ra  A 
c o n cen tra tio n  of 0 -100  pM w ould reflect a  g rad u a l inh ib ition  of dsb 
rep a ir w hich a re  critical in  the  s tep s  resu lting  in  th e  final induction  of  ^
m u ta tio n s . T h is view is su p p o rted  by B ryan t an d  B locher, 1982 who, 
u s in g  the  unw ind ing  m ethod , show ed a  reduced  rep a ir  of d sb  in  the
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p re se n c e  of in c re a s in g  c o n c e n tra tio n s  of a ra  A. B ased  on  th is  
o b se rv a tio n , fu r th e r  in h ib itio n  of d sb  re p a ir  in  th e  p re se n c e  of 
in c re as in g  a ra  A co n cen tra tio n s (100-200 pM) does n o t give rise  to 
an y  s ig n ifican t co rrespond ing  in c rease  in  m u ta tio n  in d u c tio n . T he 
k inetics of th e  curve provides su p p o rt for the  u se  of th e  100 pM a ra  A 
co n ce n tra tio n . T h is co n cen tra tio n  vrould a lso  red u ce  an y  th e  toxic 
effects of a ra  A w hich  m ay  be evident a t  h igher co n cen tra tio n s  (e.g. 
400  pM), resu lting  in  cell death  of any  tk-  m u ta n t cells.
B ased  on the  above resu lts , th e  lower m u ta tio n  frequency in  a ra  
A t r e a te d  cells in  c o m p ariso n  to  th e  x r s  5 m u ta tio n  d a ta  in  
exponentia lly  growing cells (figure 5.7) m ay be explained as be ing  due  
to a  low er inh ib ition  of dsb  repair (com pared to xrs  5 cells) in  CHO KI 
ce lls b y  a ra  A, ra th e r  th a n  any  cell d e a th  a t  lOOpM. T his is  n o t 
su rp ris in g  since there  is evidence w hich  suggests th a t  even in  th e  x rs  
5 cells , th e  rep a ir of d sb  is n o t to ta lly  defective (Kemp e t al, 1984., 
C osta  an d  B ryant, 1988) hence it m ay  n o t be possib le  to in h ib it d sb  
re p a ir  (to a n  level observed  in  x r s  5 cells) in  CHO cells w ith o u t 
increasing  th e  toxic effects of a ra  A.
A p lo t of th e  in d u ce d  m u ta tio n  frequency  v s log su rv iv ing  
fraction  in  CHO KI cells trea ted  to X -rays alone or in  com bination  w ith  
a ra  A is  p resen ted  in  figure 5.9. The d a ta  ob ta ined  w ith  x r s  5 cells 
exposed to X -rays alone (from c h ap te r 4) h a s  also b een  rep lo tted . All 
th e  se ts  of d a ta  can  be  fitted to an  approxim ately  lin ear re la tionsh ip . 
S u ch  a  re su lt h a s  been  found to be rep resen ta tive  of o th er m u ta tio n  
s y s te m s  in  eu k ary o tic  cells exposed  to  io n is in g  ra d ia tio n . T h is  
in te rp re ta tio n  of su c h  a  p lot can  only  be specu la tive  a t  th e  p re se n t 
s tage . However, it is in te res tin g  to n o te  th a t  all s e ts  of d a ta , w here  
th e re  is no inh ib ition  of dsb  repair an d  in  conditions w here dsb  rep a ir 
is inh ib ited  fit a  linear relationship . A sim ilar linear plot w as also  found 
for exponentia lly  growing cells (CHO KI and  xrs  5) exposed to X -rays 
(figure 4.6). S u ch  a linear plot h a s  been  th o u g h t to suggest a  com m on 
m echan ism  for the  induction  of a  m u ta tio n  in  irrad iated  cells (Thacker 
an d  Cox, 1977). B ased on the  above view, it cou ld be  specu la ted  th a t  
th is  l in e a r  p lo t m ay  also  rep re se n t th e  fixation of a  com m on lesion  
(dsb) to  a  m u ta tio n  in  all th e  th ree  trea tm e n ts , assu m in g  th a t  th e  
m echan ism  of m u ta tion  induction  in  all th e  th ree  conditions is sim ilar. 
H ence , th is  m ay  be u se d  as fu rth e r evidence for th e  role of d sb  a s  a n  
im p o rtan t rad ia tion -induced  p re-m u ta tiona l lesion.
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T he ra te  of re jo in ing  for b o th  ch rom osom e an d  ch ro m atid  
b rea k s  h a s  been  show n to co rrespond  closely to th e  slow ra te  of dsb  
rep a ir m easu red  in EAT cells (Bryant an d  B locher, 1980., B locher and  
Pohlit, 1982). T his w ou ld sug g est th a t  th e  rejo in ing  of Gg chrom atid  
b rea k s  reflect the  underlying rep a ir of a  su b -c lass  of dsb , a lthough  the  
observed  frequencies of in d u ced  ch rom atid  a n d  chrom osom e b reak s  
a re  m u ch  lower th a n  th e  co rrespond ing  frequencies of d sb  m easu red  
by  b io ch em ica l m ean s. CHO KI ce lls exposed  to  a ra  A betw een  
irrad ia tio n  an d  m itosis show  a  c o n s tan t n u m b er of b reak s  suggesting 
in h ib itio n  in  re jo in ing  (figure 5.10). F u th e rm o re , th is  in c re ased  
n u m b e r  of ch ro m a tid  b re a k s  in  th e  p re sen c e  of a ra  A provides 
evidence for inh ib tion  of d sb  rep a ir  by  a ra  A in  th e  m u ta tio n  assay , 
since  th e  conditions d u rin g  b o th  trea tm e n ts  (G2 a n d  m utation) were 
k ep t iden tical. This inh ib ition  of rejoining of b rea k s  by  a ra  A reflects 
th e  resp o n se  of X -ray induced  d sb  in  cells exposed to a ra  A w here a  
s tro n g  inh ib ition  of rep a ir  w as observed (B ryant an d  B locher, 1982). 
T his w ou ld  provide fu rth e r evidence for th e  suggestion  th a t  chrom atid  
b re a k s  para lle l th e  rep a ir of d sb . B ased  on th e se  a ssu m p tio n s , th e  
in creased  induction  of m u ta tio n s  in a ra  A trea ted  cells (CHO KI) and  
th e  h ig h  frequency  of ch ro m atid  b reak s  in  a ra  A trea te d  cells (the 
experim en tal schedu le  for tre a tm e n t w ith  a ra  A w as sim ilar for b o th  
m u ta tio n  a n d  Gg assay) su g g e s ts  a  s im ila r m ech an ism  by  w hich  
in h ib itio n  of th e  su b -c la ss  of d sb  rep a ir  lead s  to  the  in d u c tio n  of 
m u ta tio n s  an d  the  form ation  of ch rom atid  b reak s , th e  la tte r  m ay be 
lethal.
In the  p resence of a ra  A, irrad ia ted  cells w ould hold th e  induced  
d sb  open , allowing m isrep a ir of dsb . M olecular analy sis  of m u ta tio n s  
in d u ced  following tre a tm e n t w ith  ionising rad ia tio n  (70%) show  large 
genom ic dele tions (K avathas e t al, 1980., G raf a n d  C hasin , 1982., 
T hacker , 1986., Yandell e t al, 1986., Liber e t al, 1987). This paralle ls a  
co rre sp o n d in g  in c rease  in  th e  n u m b er of ch rom osom e a b e rra tio n s  
(b reaks/dele tions) observed in  cells deficient in  d sb  rep a ir (B ryant et 
al, 1987). B o th  th e se  o b se rv a tio n s  su p p o r t th e  h y p o th e s is  of th e  
re la tio n sh ip  betw een rad ia tio n -in d u ced  dsb , chrom osom e ab erra tio n s  
(e.g. non-le thal deletions) an d  m utagenesis.
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6.1 Introduction
The a im s of th is  work were two fold: firstly  to u se  re s tr ic tio n  
endonucleases (RE) causing  dsb in DNA w ith various end s tru c tu re s , to  
in d u ce  m u ta tio n s  a t  th e  tk  locus in CHO cells an d  in  so  doing  to  
identify th e  type of lesion which m ay be critical in  the  s tep s  lead ing  to 
th e  induction  of a  m utation . Introduction of RE into  cells w as achieved 
via cell electroporation. The second aim  w as to investigate th e  type of 
dam age a t  th e  gene level in  the  m u ta n ts  induced  following tre a tm e n t 
w ith  RE. To achieve th is  analysis a t  a  m o lecu lar level, th e  f irs t 
approach  u se d  w as to transfect CHO tk- m u ta n t cell lines w ith  p lasm id  
vecto rs co n ta in in g  th e  H erpes Sim plex V irus tk  gene (HSV-tfc), a n  
ap p ro ach  w hich  h a s  been  successfully  u sed  to tran sfec t ro d en t lines 
(tfc-) to give rise  to cells w ith a  tk+ phenotype due to th e  exogenously  
provided HSV-tfc gene (Wigler et al, 1977). The viral tk  gene h a s  been  
com pletely  seq u en ced  (McKnight and  Gavis, 1980., W agner e t al,
1981) an d  th u s  provides an  ideal target locus for the  th e  ind u ctio n  an d  ?
su b se q u e n t analysis  of accom panying types of m u ta tio n a l ch an g es.
However, desp ite  m any  experim ents to tran sfec t the  tk -  m u ta n t  cells 
w ith  d ifferen t p lasm id  vectors con ta in ing  th e  H SV-tk gene b y  two 
d ifferen t m eth o d s i.e. cell e lectroporation  an d  ca lc ium  p h o sp h a te  
p recip ita tion , th e  CHO tk- cells could n o t be successfu lly  tran sfec ted  
to the  tk+ phenotype. This transfection w as a ttem pted  in  two d ifferent |
lab o ra to ries  w ith  no  positive resu lt. The rea so n s  for th is  a re  n o t 
u nders tood  b u t  would suggest th a t following transfection , th e  HSV-tfc 
gene is n o t successfu lly  integrated and expressed in  th e  genom ic DNA 
in  CHO cells. Due to th is  setback , it w as decided to iso la te  h p rt-  
m u ta n ts  following trea tm en t w ith a  restric tion  enzyme in  th e  C hinese 
h a m s te r  (V79-4) cell line. The choice of u sin g  the  h p rt  lo cus w as 
b ased  on  th e  extensive work already pub lished  involving m u ta tio n  
e x p e rim e n ts  a t  th is  locus (C askey a n d  K ruh , 1979, review ). 
F u r th e rm o re  c lon ing  of com p lem en ta ry  DNA (cDNA) se q u e n c e  
(B rennand  e t al, 1982., Koneiki et al, 1982) for the  h p rt  gene h a s  
b een  achieved w hich h a s  allowed an  extensive s tu d y  of m o lecu la r 
changes a t  th is  locus following different trea tm en ts  (Thacker, 1986,
1990). g
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6 ,1 .1  Restriction endonucleases (RE)
R estric tio n  e n d o n u c le a se s  a re  end o -d eo x y rib o n u cleases th a t  
hydro lyze  p h o sp h o d ie s te r  b o n d s  in  d o u b le -s tra n d ed  DNA. Iso la ted  
from  a  varie ty  of b ac te ria , RE have th e  p ro p erty  to  recognize and  
cleave specific DNA sequences. RE have been  found to recognize te tra , 
p e n  ta -  or hexa-nucleo tide  seq u en ces  in  DNA (Roberts, 1987). T hey 
recognize and  c u t a t  res tric tion  s ite s  irrespective of th e  association  of 
th e  DNA w ith  p ro teins. D ue to th e  specific type of dam age Induced  by 
RE, B ryan t (1984) suggested th e  u se  of RE to m odel rad ia tion-induced  
d sb  a n d  showed th a t RE induce  chrom osom e aberra tions in  a  m aim er 
s im ila r  to th a t  observed w ith  ion ising  rad ia tio n . T hese s im ila ritie s  
inc lude  the  induction  of chrom osom e-type aberra tion s during  G i stage 
of th e  cell cycle and  chrom atid-type aberra tions du ring  bo th  S a n d  G2 
stag es  of the  cell cycle (Obe an d  W inkel, 1985)
One of the  m ajor advan tages of u sing  RE is th a t  unlike rad ia tion  
w h ich  is know n to generate  a  b ro ad  sp ec tru m  of dam age (ssb , dsb , 
b a se  dam age , DNA-DNA and  DN A-protein c rosslinks) , RE g en era te  
solely dsb , th e  influence of w hich one is enabled to study , w ithou t the  
in te rfe ren ce  of o th er lesions , on  a  defined biological endpo in t. The 
e n d -s tru c tu re  of RE generated  d sb  h a s  been  show n to be crucial in  th e  
p ro d u c tio n  of chrom osom e a b e rra tio n s  (Bryant, 1984). B lu n t ended  
d sb  of th e  type in d u ced  by  Pvu II w ere show n  to be m u c h  m ore 
effective in  ab erra tio n  in d u c tio n  th a n  the  cohesive varie ty  e.g. th o se  
in d u c e d  by  B am  HI (B ryant, 1984). B ased  on  th e se  o bserva tions , 
v a rio u s  RE w hich  p roduced  d ifferen t e n d -s tru c tu re s  w ere u se d  to 
exam ine  th e  relative effectiveness of a  specific d sb -type  to  in d u ce  
m u ta tio n s . F ou r RE were u sed  du rin g  the  course  of th e  study , Pvu II, 
Eco RI, H pa I, Xho I (N orthum berland  Biological L aboratories) all of 
w h ich  have th e  p roperty  to  recognize a  specific 6 b a se  seq u en ce . 
However, th e  recognition sequence  an d  site  a t w hich  th ese  RE c u ts  
w ith in  th e  genom ic DNA to p roduce  the  d sb  is u n iq u e  to e ach  RE 
(figure 6.1). Pvu II and  H pa I p roduce  doub le -s trand  b reaks w ith  b lu n t 
e n d s  w hereas b o th  Eco RI and  Xho I produce cohesive-ended d sb  w ith  
a  5 b ase  overlap.
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Pvu II 5 ' C A G^C T  G---------- 3'
3 '..............G T C.G A C.............. 5'
H pa I 5 '----------- G T  t ’a  A C-----------3 ’
3 ' C A A J  T  G-----------5'
Eco RI 5 '-----------G’A A T T  C .............. 3'
3 '-----------C T  T  A A / r -----------5'
Xho I 5'-----------C T  C G A G---------- 3'
3 '-----------G A G O  T jP ..............5'
F igure 6.1. Recognition seq u en ces a n d  cu tting  sites for Pvu II, H pa I, 
Eco RI and  Xho I.
RE have now  b e en  ex tensive ly  u se d  to s tu d y  ch rom osom a l 
ab erra tio n  form ation (Bryant, 1984., N atarajan  and  Obe, 1984., Obe e t 
al, 1985., Obe and  W inkel, 1985., G ustavino et al, 1986., W inegar and  
P reston , 1988), oncogenic tran sfo rm a tio n  (Bryant a n d  R iches, 1990) 
a n d  cell le thality  (B ryant, 1985). A lthough the im p o rtan ce  of d sb  in  
rad ia tio n  effects is b e tte r  u n d ers to o d  as  a  resu lt of experim ents u sing  
RE to m im ic rad ia tio n  dam age  (B ryant, 1984, 1985., B ry an t e t al,
1987), it is suggested  th a t  RE an d  rad ia tion -induced  lesions are  n o t 
exac tly  s im ila r an d  th a t  b o th  ty p es  of dam age a re  th u s  h a n d le d  
differently by  the cell d u rin g  repa ir  (Bryant, 1988, 1990). One of th e  
rea so n s  for th is  is th a t  com pared  to rad ia tion -induced  d sb  w hich are  
th o u g h t to be dsb  w ith  'd irty ’ ends, RE generate c lean ' b re a k s  w ith  a  
3 '-hydroxy l an d  5 '-phosphory l term in i. T his in  tu rn  will a lte r  the  w ay 
in  w h ich  th e  two ty p es  of les io n s  will be rep a ired  s ince  th e  RE- 
in d u ced  c lean ' b reak s  in  theo ry  w ou ld requ ire  on ly a  s im p le ligation 
p ro c e ss  to  re jo in  w hile, th e  ra d ia tio n  in d u ced  'dirty* e n d s  w ou ld 
requ ire  exonuc lease c leaning  prio r to th e  final step  of ligation  (Bryant,
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1988). However, evidence for these  two types of m echan ism s is a s  y e t 
lack ing.
D espite th e  extensive u se  of RE in  m odelling rad ia tio n -in d u ced  
dam age, a  m ajor problem  h as  been the  in troduction  of RE in to  cells. A 
nu m b er of techn iques have been used  to  perm eab ilise o r 'porate* ce lls 
J o  RE, som e of w hich  inc lude trea tm en ts w ith inactivated S enda i v iru s  
(B iyant, 1984), th e  cell pellet' m ethod (Obe e t ed, 1985., B ry an t a n d  
Christie, 1989) hypertonic and  hypotonic shock (Winegar a n d  P reston , 
1988) an d  e lec tro p o ra tio n  (W inegar e t al, 1989). T h ese  w ide ly  
different m ethods m ay exp la in  some of the  inconsistencies in  re su l ts . 
T h is is h igh lighted in controversy over w hich types of d sb  a re  m ore 
effective in  generating  chrom osom al aberrations. Som e w orkers have 
found b lun t-ended  to be m ore effective th a n  the  cohesive-ended d sb  in  
inducing  chrom osom al aberrations (Bryant, 1984., N atarajan  an d  Obe, 
1984., B ryant et al, 1987) w hereas o thers have found bo th  types of end  
s tru c tu re d  dsb  to be equally effective (Gustavino e t al, 1986., W inegar 
and  Preston, 1988).
6 .1 .2  Electroporation
W inegar e t al (1989) showed th a t  e lectroporation can  be u sed  a s  
a  rap id  and  efficient m ethod for in troducing  RE into cells to in d u ce  
chrom osom al ab e rra tio n s . The m o lecu lar m echan ism  by  w hich  RE 
e n te rs  th e  cell d u rin g  cell e lectroporation  is n o t well u n d e rs to o d , 
however the  bas ic  princip le involves the  exposure of cells to  a  h igh- 
vo ltage e lectric  d isch arg e  w hich  h a s  b een  show n to  rev e rs ib ly  
destab ilize or po rate ' the  m em brane. This procedure w hich  is know n 
as cell e lectroporation  h a s  been  found  to be  a  rap id , sim p le a n d  
efficient m ethod for in troducing  DNA into m am m alian ce lls (K rutson 
and  Yee, 1987., N eum ann et al, 1982). More recently, e lectroporation  
h a s  been  u sed  to po rate  cells and  in troduce  RE in to  ce lls to allow  
induction  of m icronuc lei (Moses et al, 1989). Cell e lectroporation  w as 
found  to  have a n  advan tage  over o th e r tec h n iq u e s  in  th a t  ce ll 
populations were found to be more uniform ly  perm eab ilised (W inegar 
et al, 1989).
The th in n in g  of the  m em brane once a  po ten tial difference is 
applied  across it  (Knight, 1981., Potter, 1988) c au se s  a  reversib le  
localized breakdow n, form ing pores (Knight, 1981). The size an d  life
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tim e of th ese  pores is su ffic ien t to allow u p ta k e  of large m o lecu les 
su c h  a s  enzym es (A ndreason a n d  E vans, 1988) an d  even larger size 
DNA (C hu e t  al, 1987). In o rd e r to  su ccessfu lly  e lectropo rate  cells 
w i th o u t c a u s in g  excessive cell d ea th , i t  is  im p o rta n t to  optim ize 
e lec tro p o ra tio n  conditions for each  cell type. T he th ree  p a ram e te rs  
inc lude  th e  voltage of electric field, d u ra tio n  of p u lse  an d  com position 
of th e  e lectroporation  bu ffer (Potter, 1988., A n d reaso n  a n d  E vans,
1988).
For th e  e lectroporation  in  o u r laboratory , a  B e th esd a  R esearch  
L aboratory  (BRL) Cell-Porator™  e lectroporation  system  w as used . The 
d isch arg e  of a  capac ito r th ro u g h  th e  cell su sp e n s io n  is lim ited by  
c a p a c i ta n c e , re s is tan c e  a n d  conductiv ity  o f cell su sp e n s io n . T his 
in te rd ep en d en ce  of these  th ree  variab les m akes it  difficu lt to  exactly 
op tim ize  th e  co nd itions. T he ce ll s u s p e n s io n  w as  p laced  in  a  
d isposab le  e lectroporation  cuvette  w ith  a  d istan ce  of 0 .4  cm  betw een 
th e  two e lectrodes. The fie ld-streng th  (E) is  calcu lated  on the  b as is  of 
th e  vo ltage se ttin g s  an d  th e  d is tan ce  betw een th e  two sides on th e  
e lectroporation  cham ber hence  E= V /d  (0.4 cm). A schem atic  d iagram  
of th e  e lectroporation se tu p  is show n in  figure 6.2.
Power supp ly
E lectrodes
Cell su spension
0.4 cm ^
Figure 6.2 . Schem atic  d iagram  of the  Cell e lectroporation  se tu p
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In a  p re lim inary  study , CHO cells were perm eab ilised w ith  inactivated  
S enda i v irus and  trea ted  w ith  Pvu II and  Eco RI before assay ing  for th e  
in d u ctio n  of tk- m u ta n ts . T hese resu lts  are d iscussed  briefly to m ake a  
com parison  w ith  th e  e lectroporation  data .
6 .2  Materials and M ethods
6.2 .1  Cell Cultures
Two cell lines, CHO KI and  th e  C hinese h a m s te r  (V79-4) were 
u se d  for th e  experim en ts described  in  th is  c h ap te r. B oth  cell lines 
w ere m a in ta in ed  in  exponential grow th in  M EM /FCS a s  described  in 
sec tion  2.2.
6 .2 .2  Purification o f  RE
RE w ere generally  s to re d  a t  -2 0 °C in  s to rag e  b u ffe r w h ich  
c o n ta in s  50%  glycerol. T h is sto rage buffer w as found to  in crease  the  
b ack g ro u n d  dam age on its  own (Costa, 1990a), p robab ly  due  to the  
h igh  g lycerol con ten t. H ence for all th e  experim ents carr ied  ou t, RE 
w ere pu rified  free of s to rag e  buffer. E nzym es w ere pu rified  u s in g  
A m icon-10 u ltra f ilters  to rem ove storage buffer (B ryant a n d  C hristie ,
1989). The A m icon-10 filters  w ere sterilized  by  r in s in g  tw ice w ith  
70%  alcohol followed by  th ree  rin se s  w ith  doub le-d istilled  H2 O. The 
f ilte rs  w ere in itia lly  s a tu ra te d  w ith  bovine se ru m  a lb u m in  (BSA) 
p ro te in  a n d  k ep t on ice. A ppropriate  u n its  of RE w ere p laced  on  a  
filter an d  d ilu ted w ith  1 m l HBSS. This w as followed by  centrifugation  
a t  8 0 0 0  rpm  (Beckm an U ltracentrifuge) for 1 h o u r  a t  2°C. T h is step  
w as repea ted  twice before recovering th e  RE in  50  pi HBSS (achieved 
in  a n  MSE C hillsp in  se t a t  2°C, 4000  rpm  for 3 m in). The purified  
enzym es were th e n  u sua lly  dilu ted to 10 u n its /p l  in  calcium -free HBSS 
con ta in ing  6m m o l/l MgClg in  1% BSA and stored  on ice.
6 .2 .3  Cell Electroporation
E xponentially  grow ing cells were trypsin ised  from  c u ltu re  flasks 
a n d  su sp e n d e d  in  HBSS-BSA. Cells w ere cen trifuged  (1000 rpm , 5 
m in ) a n d  re s u s p e n d e d  in  H B SS-B SA  tw ice . T he  f in a l ce ll
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concen tration  w as ad ju s ted  to  10® cells per m l in  HBSS-BSA. Purified 
RE w ere m ixed  w ith  1 m l of cell su s p e n s io n  (10® cells) in  an  
ep p en d o rf tu b e  befo re  p ip e ttin g  in to  a d isp o sa b le  e lec tro p o ra tio n  
cham ber. The Cell-porator'^^ w as se t to the  follow ing param eters : Field 
s t r e n g th ,  7 5 0  V /c m ; C a p a c i ta n c e , 1600pf; R e s is ta n c e , low; 
T em pera tu re , am b ien t. The e lectroporation  ch am b e r w as r in sed  w ith  
HBSS-BSA b e tw e e n  e a c h  enzym e tre a tm e n t. Im m ed ia te ly  a f te r  
e lectroporation , sam p les  w ere poured  in to  10 m l conical cen trifuge 
tu b e s  c o n ta in in g  5 m l of w arm  M EM /FCS m ed ium . S am ples in  
m ed iu m  w ere  th e n  c e n tr ifu g e d  (1000  rp m , 5 m in) a n d  th e  
s u p e rn a te n t a sp ira te d . C e lls w ere re su sp e n d e d  in  10 m l of fresh  
m edium , tra n sfe rre d  in to  75 cm2 flasks (Sterlin) a n d  in cu b a ted  for 4 
d a y s  a t  37°C . T he  m ed iu m  w as  ch an g ed  a f te r  24  h o u rs . All 
e lectroporations w ere repeated  twice for each  dose point.
6 .2 .4  Senda i virus perm eabiliza tion
The perm eab ilization  p ro ced u re  w as based  on  th a t  u se d  by  B ryan t 
(1984) and  B ry a n t e t al (1987) w ith  a  few m odifications. Prior to 
tre a tm e n t, 2  x  10® ce lls (CHO KI) w ere seed ed  in  5 cm  d ish e s  
supp lem ented  w ith  5 m l M EM /FCS. D ishes w ere in cu b a ted  overnight 
a t 37°C. T h is w as followed by  p lac ing the  d ish es  on  ice, th e  m edium  
w as discarded a n d  th e  d ishes rinsed  once w ith  1 m l of HBSS/BSA. To 
each  plate, 3 0 0  pi of so lu tio n  con ta in ing  400  H aem agg lu tin in  u n its  
(HAU) of UV-light inactivated  Senda i v irus w as added  (virus inactivated 
by  3 K J/m 2  u ltrav io le t light). T his w as followed by  th e  ad d itio n  of 
appropriate u n its  of RE. All d ishes were tilted to  allow an  even m ixing 
an d  to allow R E /v iru s  m ix tu re  to cover all th e  cells. The d ish es w ere 
th e n  left on ice for 10 m in u te s  and  re tu rn ed  to th e  in cu b a to r a t  37°C 
for 30  m inu tes, th e  c o n te n ts  being  m ixed gen tly  every 5 m in u te s  to 
en su re  th a t aU cells w ere trea ted  evenly. To avoid any  trypsin  induced 
dam age, th e  d ish e s  w ere rin se d  tw ice w ith  fre sh  M EM /FC S an d  
incubated  in  5 m l m edium . Sam ples were he ld overnight a t  37°C prior 
to trypsinising, a n d  rep la ting  a t  2  x  10® cell in 75 cm2 flasks and  for 
the  four day expression  tim e.
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6.2 .5  M utation a ssa y
C e lls w ere p la te d  o u t for th e  iso la tio n  of m u ta n t  ce lls (t/c-) a s  
described  in  section  2.4.
6 .2 .6  Cell Transfec tion
F or th e  tra n s fe c tio n  of tk~ cells (CHO tk -  a n d  m u rin e  Ltk-), two 
m e th o d s  w ere  u se d ; E le c tro p o ra t io n  a n d  c a lc iu m  p h o sp h a te  
p re c ip ita tio n . T hree  p lasm id  vecto rs w h ich  co n ta in e d  th e  H SV -tk 
gene w ere u se d , nam e ly : pFG5 (provided b y  Dr. D ohm er), pOT-TK 
(provided b y  Dr. Dohm er) and  pRT (provided by  Dr. A utonicn). The 
CHO tk -  ce lls could n o t be  tran sfec ted , w hile positive transfection  
w ith  all th e  th ree  p lasm ids w as achieved in  the  Ltk- cells.
6 .2 .7  M u tation a ssa y  to isolate hprt- m u tan ts
E x p o n e n tia lly  grow ing  C h in e se  h a m s te r  V 79 ce lls w ere  |
m a in ta in ed  a n d  p assag ed  in  M EM /FCS a s  described  in  section  2.2.
B efore e ac h  m u ta t io n  experim en t, th e  ce lls  w ere try p sin ised  an d  
d ilu ted  to  give 1000 cells per 25 cm2 flask  an d  allowed to reach  a  
se m i-c o n f lu e n t form . T h is p ro ced u re  w as a d o p te d  to  red u ce  th e  
n u m b e r of spon taneous ly  induced m u ta n ts  in  th e  in itial cu lture. E ach  
flask  w as tryps in ised  separa te ly  and  resu sp en d ed  in  5 m l MEM/FCS.
The su sp en s io n s  were d ilu ted to give 10® cells p er m l an d  transferred  
in to  E ppendorf tubes. To each cell su spension , 40  u n its  of purified Pvu 
11 w as  a d d e d  a n d  th e  su sp e n s io n  m ixed by  a  g en tle  inversion . 
S u s p e n s io n s  w ere  tra n s fe re d  in to  e le c tro p o ra t io n  c u v e tte s  a n d  
e lectroporated  u n d e r sim ila r conditions a s  described  in  section  6.2.3. 
E lectroporated  cells w ere transfered  to 10 m l V -tubes an d  centrifuged 
a t  1000 rp m  for 5 m in u te s , su p e rn a ta n t w as a sp ira te d  and  pe llet 
re su sp e n d e d  in  10 m l M EM /FCS. T he ce lls w ere tran sfe rred  to  75 
cm2 flasks (Sterlin) and  incubated  for a  5 day  expression  period (Dr. J .  
T h ack er, p e rso n a l com m unication). M edium  w as ch an g ed  after th e  
overn igh t in cu b a tio n  an d  th e  cells m a in ta in ed  in  exponential grow th 
d u rin g  th e  expression  period.
To iso late hprt- m u ta n ts , cells w ere p la ted  a t approx im ate ly  10® 
ce lls p er 10 cm  d ish  w ith  10 m l MEM con ta in ing  6-T hioguanine a t  a  
co n cen tra tio n  of 1 pg /m l. The d ishes w ere in cu b a ted  for 12 days in  a
i
a #
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hum idified  in cu b a to r a t  37°C before iso lating  hprt- m u ta n t co lonies. 
For th e  viability assay , 100-200 cells were seeded in  5 cm  d ishes w ith  
norm al m edium  (MEM/FCS) and  incubated  for 8 days a t  37°C.
All the  hprt- m u ta n t  co lonies w ere Iso lated an d  frozen down as 
d e sc rib e d  (sec tion  2 .7  a n d  2.8) before e x tra c t io n  of DNA a n d  
su b seq u en t analysis of m u ta n t cells.
6 .3  Results
6 .3 .1  Pvu 11/Eco RI induced m u ta tions in CHOKI cells 
T he induced  m u ta tio n  frequencies (tic-) in  CHO KI cells trea ted  w ith  
vary ing  co n cen tra tio n s  of b o th  Pvu II a n d  Eco RI are  p re sen te d  in  
figure 6.3.
Pvu II
ÇT 20 -
EcoRI
20
U n its /m l
F igure 6.3. Induced  m u ta tio n  frequencies a t  th e  tk  locus in  CHO cells 
a s  a  function  of th e  co n cen tra tio n  of Pvu II and  Eco RI. All lines are 
fitted  by  eye an d  v e rtica l b a rs  re p re se n t s ta n d a rd  e rro rs  of m ean  
v a lu es from th ree  in d ep en d en t experim ents.
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For b o th  tre a tm e n ts , th e  frequency of in d u ced  m u ta tio n s  w as 
enzym e-dose  d e p en d e n t. However, Pvu II w a s  fo u n d  to be  m ore 
effective (by a  average fac to r of ~9) th a n  Eco RI in  th e  ind u ctio n  of 
m u ta t io n s  a t  th e  tk  lo cus . A s tra ig h t line h a s  b een  d raw n  b y  eye 
th ro u g h  th e  d a ta  po in ts . The background  m u ta tio n  frequencies (table 
6.1) have been  su b trac ted  from the value show n in  figure 6.3.
6 .3 ,2  B ackground m u ta tion  frequencies
The m u ta tio n  frequency  for b o th  u n tre a te d  a n d  e lectroporated  cells 
(w ithout RE) are p resen ted  in  table 6.1.
Sam ple M utation frequency  
(per 10® survivors)
U n trea ted  ce lls 3 .6
E lec tro p o ra ted  cells 19.3
T able 6 ,1 . F requency  of T F T -resis tan t m u ta t io n s  in  u n tre a te d  and  
e lectroporated  sam p les. T he va lues show n re p re se n t th e  average of 
th re e  in d ep en d en t experim en ts.
T he e le c tro p o ra te d  ce lls  sh ow ed  a  5-fo ld h ig h e r  in d u ced  
m u ta tio n  com pared to  th e  spon taneous ly  induced  m u ta tio n  frequency. 
However, desp ite  th is  h ig h  backg rou nd , the  in d u c tio n  of m u ta tio n s  
w ith  RE were h igher th a n  th is  value w hich strong ly  suggests  th a t  the  
in d u ctio n  of m u ta tio n s  w as due to the  trea tm en t w ith  RE ra th e r  th an  
th e  dam age induced b y  th e  physical n a tu re  of the  e lectrical discharge.
6 .3 .3  Comparison o f  R E  an d  X-ray induced m u tations a t  the tk  locus 
The X -ray induced  m u ta tio n  curve m easuring  m u ta tio n s  a t  the  tk  locus 
follow ing exposure  o f exponen tia lly  grow ing CHO KI to in c reas in g
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d oses of X -rays (2-6 Gy) h a s  b e en  rep lo tted  from  c h ap te r 4  to allow a  
com parison  w ith  the  R E -induced m u ta tio n  frequencies (figure 6.4)
D ose (Gy)
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Figure  6.4. Induced m u ta tio n  frequencies a t  th e  tk  locus in  CHO cells 
a s  a  fu n c tio n  of th e  co n ce n tra tio n  of Pvu II a n d  Eco RI. A cu rve  
show ing X -ray induced  m u ta tio n s  is  also show n (redraw n from  M ussa  
e t al, 1990). All lines a re  fitted  by  eye an d  vertica l b a rs  re p re se n t 
s ta n d a rd  erro rs of m ean  values from  th ree  experim ents.
The top horizon tal ax is rep re se n ts  the  dose in  G rays. The X -ray 
in d u ce d  m u ta t io n s  show  a  cu rv ilin ear resp o n se  in  th e  in d u c tio n  of 
m u ta t io n s  w h ich  lies in te rm ed ia te  betw een  th e  Pvu II an d  Eco RI 
m u ta tio n  curves.
6 .3 .4  E ffec t o f  expression  tim e on m u tation induc tion  
T h e  in d u c e d  m u ta t io n  fre q u e n c ie s  (at th e  t k  lo cus) follow ing 
tre a tm e n t w ith  Pvu II an d  Eco RI after a n  exp ression  tim e of 7 days 
a re  p resen ted  in  figure 6.5.
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F igu re  6 .5 . Induced  m u ta t io n  frequencies  in  CHO ce lls follow ing 
tre a tm e n t w ith  Pvu II and  Eco RI m easu red  after a  7 days expression  
tim e. V ertical b a rs  rep resen t th e  s ta n d a rd  erro rs of m ean  va lues from 
th re e  In d ep en d en t experim ents.
The Pvu II induced  m u ta tio n  frequencies show  a  decrease while 
th e  Eco RI d a ta  show s a  s lig h t increase  com pared  to th e  m u ta tio n  
frequencies m easu red  a t  4 d ays expression  tim e (figure 6.3). T hese 
low ered Pvu II induced  m u ta t io n s  cou ld be exp la ined by  cell d e a th  
d u rin g  th is  pro longed ex p re ss io n  tim e w hile slow  grow ing Eco RI- 
in d u ced  m u ta n ts  are  expressed  a n d  ap p ea r d u ring  th is  period. T his 
observation  m ay be indicative of m ajor changes assoc iated  w ith  Pvu II 
tre a tm e n t w hich  m ay a cc o u n t for th e  increased  lethality  d u rin g  th is  
period  w ith  a  subsequen tly  reduced  m u ta tion  frequency. B ased on th is  
red u ced  m u ta tio n  frequency, in  all th e  R E -experim ents, 4 days w as 
u se d  as  the  optim um  expression  tim e.
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6.3.5. H pa I/X ho  I induced m u tations in CHO Kl cells 
T he induced  tk -  m u ta tio n  frequency  in  CHO Kl ce lls tre a te d  w ith  
v arious concen tra tions of purified  H pa I an d  Xho I a re  p resen ted  in  
figure 6.6.
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F igure 6.6. Induced m u ta tio n  frequencies a t  the  tk  locus in  CHO cells 
a s  a  function  of th e  con cen tra tio n  of Xho I and  H pa  I. V ertical b a rs  
rep re se n t the  s ta n d a rd  e rro rs  of m ean  values from th ree  experim ents.
The enzym e H pa  I p ro d u ce s  a  b lu n t-e n d ed  d sb  w hile Xho I 
p ro d u ces  cohesive-ended dsb . B o th  th ese  RE have sing le re s tric tio n  
s i te s  w ith in  th e  genom ic  t k  gene (figure 6 .1 4 ). T he m u ta t io n  
frequency show ed a  dose-d ep en d an t increase follow ing trea tm e n t w ith  
e ith e r RE, however H pa I w as m ore effective in inducing  m u ta tio n s  on 
a  p e r u n it b as is  th a n  Xho I. The background m u ta tio n  frequency h a s  
been  sub trac ted  from th e  d a ta  po in ts  shown.
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6.3.6. Comparison o f  m u tation induction a t tk  a n d  hprt loci
The m u ta tio n  d a ta  in  CHO KI and  C hinese h a m ste r  V79 cells exposed
to X-rays a re  p resen ted  in figure 6.7.
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o  CHOKKtk)
•  V79(hprt)
A CHO KI (hprt) S  tk
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Figure 6.7. X -ray induced  m u ta tio n s a t th e  tk  and  hprt loci [{V79/hprt 
d a ta  from  V an Z ee land a n d  Sim ons (1976) a n d  C H O /h p r t d a ta  from 
D arroudi an d  N atarajan , (1989)]
The heterozygous tk  locus in  CHO KI cells is clearly m u ta ted  a t a  
h ig h er frequency  (factor of ~3) com pared w ith  m u ta tio n s  induced  a t  
th e  hem izygous hpr t locus m easu red  in  b o th  CHO KI an d  C hinese 
h a m s te r  V 79 cells. A s im ila r com parison  w as m ade betw een d a ta  for 
m u ta tio n s  a t  th e  tk  and  hpr t  loci follow ing tre a tm e n t w ith  RE (figure 
6 .8).
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F igure 6 .8 . Induced  m u ta tio n  frequencies a t  th e  tk  locus in  CHO cells 
exposed to Pvu II an d  a t  th e  hpr t locus in  V79 ce lls exposed to A lu I 
[hprt d a ta  form Obe e t al, 1986). V ertical b a rs  rep re se n t th e  s ta n d a rd  
e rro rs  of m ean  values from  th ree  experim ents.
Like X-rays, Pvu 11 induced  m u ta tio n s a t th e  tk  locus show ed a  s im ilar 
h igher m u ta tio n  frequency (also a  factor of ~3) in  com parison  w ith  the  
hprt- induced  m u ta tio n  frequency in  V79 cells exposed to A lu 1, a  RE 
w h ich  is sim ilar to Pvu II, p roducing  b lun t-ended  dsb .
6 .3 .7  ^HTdR up ta ke  in R E  induced tk- m u tan t CHO KI cells 
A  m u ta n t line induced  and  iso lated following trea tm e n t w ith  Pvu 11 (20 
u n its )  d e s ig n a ted  as  a s  CH O tk-(Pvu II) w as  u se d  to re p re se n t  a  
pro to type R E -induced tk-  m u ta n t cell line. The u p tak e  of ^HTdR w as 
u se d  a s  evidence of th e  lo ss  of th e  th y m id in e  k in a se  w h ich  is 
responsib le for th e  u p tak e  of th e  radioactivity v ia th e  salvage pathw ay. 
B oth  CHO KI an d  CHOtk- (Pvu 11) cells a re in cu b a ted  in  th e  p resence  
of ^HTdR, the  u p tak e  of w hich  d u ring  DNA sy n th esis  is m easu red  a t 
various sam pling  tim es (figure 6.9)
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F igure  6.9. DNA sy n th e s is  m easured  a s  inco rpo ra tion  of ^HTdR a s  a  
function  of Incubation  tim e in  bo th  norm al CHO KI an d  CHOtk- (Pvu II 
induced) m u ta n t cell lines.
The n o rm a l CHO KI cell line show s a  l in e a r  in c rease  in  th e  
u p tak e  of th e  ^HTdR in  com parison  w ith  th e  R E -induced m u ta n t cell 
line w hich  show s a  com plete lack  of in co rp o ra ted  radioactiv ity . T his 
observ ation  p rovides evidence for a  genetic  ch ange  a t  th e  tk  locus 
follow ing tre a tm e n t w ith  RE resu lting  in  th e  lo ss of active thym id ine 
k in a se . T h is r e s u l t  is  s im ila r to th e  rad io a c tiv ity -u p ta k e  s tu d ie s  
perform ed w ith a  rad iation -induced  m u ta n t, TK4 (section 3.3.4).
6 ,3 ,8  Use o f  Sen d a i virus to perm eabilize CHO cells to in troduce RE  
The re s u l ts  of a  p re lim inary  s tu d y  w hich  invo lved th e  tre a tm e n t of 
CHO KI ce lls w ith  Pvu II an d  Eco RI in tro d u c ed  v ia S enda i v iru s 
perm eab ilization  (Bryant, 1984., B ryan t e t al, 1987) are  p resen ted  in  
figure 6.10. The m u ta tio n  were m easured  a t th e  tk  locus.
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F igure 6 .10 . Induced m u ta tio n  frequencies a t  th e  tk  locus in  CHO KI 
ce lls follow ing tre a tm e n t w ith  equal u n its  of Pvu II a n d  Eco RI. 
V ertical b a rs  rep resen t the  s tan d ard  erro rs of m ean  va lues from th ree  
in d ep e n d en t experim en ts.
Pvu II induced  a  h igher m u ta tion  frequency a s  com pared to Eco 
RI tre a te d  ce lls, a  re s u l t  w h ich  is s im ila r to e lec tro p o ra tio n  d a ta  
(figure 6.3). However, th e  background  m u ta tio n  frequencies were very 
h igh  (due to  trea tm e n t w ith  v irus alone). A dditionally, un like  re su l ts  
o b ta in ed  w ith  e lec tro p o ra tio n , no c lear d o se -re sp o n se  effect w as 
observed  an d  th e  reproducib ility  of th e  experim en ts w as very poor. 
D ue to th e  evident d raw backs of th is  p rocedure, all th e  experim ents 
w ere  c a r r ie d  o u t  u s in g  e le c tro p o ra t io n  a s  m e th o d  for ce ll 
p e rm e a b iliz a tio n  d u e  to  th e  h igh  re p ro d u c ib il i ty  a n d  in c re ased  
induction  of m u ta tio n s obta ined.
Restriction enzym es/127
6 .3 .9  B ackground  m u ta tion  freq u en c ies  (hprt-) in  C h inese  h a m s ter  
V79 cells
T he m u ta t io n  fre q u e n c ie s  fo r b o th  c o n tro l  ( sp o n ta n e o u s)  a n d  
e lectroporated  (w ithout RE) sam p les m easu red  a t  th e  h p r t  locus are 
p resen ted  in tab le  6.2.
T reatm en t No. of m u ta n t co lonies/p la tes M utation  frequency 
(per 10^ survivors)
Control 0 /1 5 0
E lec tro p o ra ted 4 /2 0 0.25
Table 6 .2 . F requency  of hprt- m u ta tio n s  in  u n tre a te d  (spontaneous) 
an d  e lectroporated  sam ples
The n u m b e r  of in d e p e n d e n t c u l tu re s  a n d  a s sa y s  u se d  to 
determ ine  th e  b ack g ro u n d  m u ta tio n  frequencies inc luded  20  p la tes 
for e lectroporated sam ples and  15 p la tes for th e  contro l sam ples. B oth 
sam ples have a n  extrem e ly  low frequency of b ackg round  m u ta tio n s  (0 
an d  0 .25  p e r  10^ surv ivors) w hich  is  im p o r ta n t in  red u c in g  th e  
probab ility  of iso la ting  a  spo n tan eo u s ly  induced  m u ta n t in s tead  of a 
RE-induced m u ta n t colony.
6.3 .10  Pvu II induced  m u ta tions a t the hprt locus in C hinese ham s ter  
V79 cells
The in d u ced  m u ta t io n  frequencies follow ing tre a tm e n t of V79 cells 
w ith  40  u n its  of purified Pvu II are presen ted  in  figure 6.11.
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F igure  6 .11 . Induction  an d  iso la tion  of 15 m u ta n ts  (hprt-) follow ing 
t r e a tm e n t  w ith  40  u n i ts  of Pvu II. T he b a c k g ro u n d  m u ta t io n  
frequencies have been su b trac ted  from the values show n.
The m u ta tio n  frequencies ranged  from 1.5 to 6 .5  m u ta tio n s  per 
10^ su rv ivo rs in  the  m u ta n ts  iso la ted . T hese va lu es are 10-20 fold 
h igher th a n  the  background  m u ta tio n s  (0.25) w hich is strong  evidence 
for th e  induction  of m u ta n ts  due to Pvu II trea tm en t. This is im p o rtan t 
d u r in g  th e  su b s e q u e n t m o lecu la r  a n a ly s is  of th e  m u ta n t c lones 
(so u th ern  b lo tting and  PCR).
6 .3 .11  R E -induced m u ta tions a t  th e  tk  (in CHO KI cells) a n d  hprt 
locus (in V79 cells)
A  com p a r iso n  of the  induced  m u ta tio n  frequencies m easu red  a t  the  
hpr t an d  tk  cells follow ing trea tm e n t w ith RE (40 u n its  of Pvu II were 
u se d  to iso late m u ta tions a t  the hprt locus while 5-30  u n its  of b o th  Pvu 
II a n d  Eco Ri w ere u se d  to  in d u ce  m u ta t io n s  a t  the  tk  locus) is  
p re s e n te d  in  figure 6 .1 2 . A h ig h  freq u en cy  of m u ta t io n s  w ere 
recovered a t th is  locus (Figure 6 .12 , lower panel) in  com parison  w ith
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th o se  a t the hpr t follow ing RE trea tm e n t (figure 6 .12 , u p p e r  pane l).
10 11 12 13 14 15
hp rt- m u ta n t c lones
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U nits of enzyme
F igure  6 .12 . (a) h p r t  in d u c e d  m u ta t io n s  in  V 79 ce lls  follow ing 
tre a tm e n t w ith  40  u n its  Pvu II (b) tk -  m u ta t io n s  in  CHO KI ce lls 
follow ing trea tm en t w ith 5-30 u n its  of bo th  Pvu II and  Eco RI.
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6 .3 .12  A pprox im a te restriction m ap o f  the CHO KI genom ic tk  gene  
The res tric tio n  s ites  of the  RE used  for the  m u ta tio n  a ssay  w ith in  the  
genom ic  t k  gene a re  show n in  figu res 6 .1 3  a n d  6 .14 . B oth  th e  
approx im ate  sizes have been  redraw n from  Lewis (1986).
5.2Kb 1.8Kb 2.6Kb 4.2Kb 3.0Kb
I- - - - - - - - - - - - - - - - - - - - 1— I- - - - - - - - 1- - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - 1
E E E  E E E
P P
F ig u re  6 .13 . A R estric tio n  m ap of th e  C h inese  h a m s te r  tk  gene 
show ing Pvu II an d  Eco RI sites. The size of th e  Eco RI fragm ents is 
also show n.
16.6 KB
Xho I
THpa I
F igu re  6 .1 4 . A R estric tio n  m ap of th e  C h in ese  h a m s te r  t k  gene 
show ing the  sing le restric tion  sites of b o th  H pa I an d  Xho I
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6 .3 .13  A n a ly s is  o f  hprt- m u tants
(a) S o u th e rn  b lo t analysis:
To a n a ly s e  th e  m o le c u la r  c h a n g e s  a s s o c ia te d  w ith  d sb , 15 
in d ep en d e n tly  iso lated m u ta n t cells (induced follow ing trea tm e n t w ith  
Pvu II) w ere p robed  for the  changes in  th e  h p r t gene. T he induced  
m u ta n ts  were se lected from  popu lations w hich gave approx im ate ly  20- 
30  % survival. The prefix 'M' ind icates Pvu II induced  m u ta n ts . B lots 
w ere p robed  w ith  a  fu ll-length  C hinese h a m ste r  cDNA, iso la ted  from 
th e  p lasm id  pHPT12 (Konecki e t al, 1982). T he res tric tio n  fragm en ts 
on  s o u th e rn  b lo ts  of th e  m u ta n ts  an a ly sed  a re  p re sen te d  in  figure 
6 .15 -6 .17 . The m ethods u sed  during  th e  iso lation  an d  analys is  of th e  
m u ta n t DNA were sim ilar to those described  by T hacker (1986).
(b) PCR:
The p rim ers  u sed  for th is  s tu d y  are th o se  described  in  th e  follow ing 
paper:
Exons 3, 5 an d  9 (Rossiter et al, 1991)
The PCR conditions u sed  are a s  follows (25pl or lOOpl volume): 
2 5 n g /p l  DNA
0.01 u n its /p i  Taq DNA polym erase (BRL)
4 mM MgClg
10 mM Tris-Hcl, pH 8 .3  
50 mM KCL 
0.1%  NP40
lOOpM dNTPs (u ltrapu re , Phram ac ia)
400nM  Prim ers
PCR program m e:
94°C, 4 .5  m in
(60°C, 50  sec., 72°C, 2 m in., 94°C, 30 sec) x  29 cycles 
60°C, 50  sec 
72°C, 7 m in  
re fr ig e ra te
Sam ples ru n  on 2% agrose gel (figure 6.18-6.20).
The Southern blot and PCR analysis o f th e  m utant cells was carried out 
in  th e  laboratories o f Dr. Thacker, MRC Radiobiology Unit, Harwell.
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4.8kb/y  
3.2kb/ex.3'
0.9kb/ex.9
Figure 6.15. S o u th e rn  blot show ing p aren t (V79-4) and  m u ta n t hpr t 
gene fragm ents for five Pvu II induced m u tan ts  (M2, M4, MIO, M l5, 
M l7). To the left of each pattern  is given the size of the fragm ents in 
k ilobases (kb) and  exons (ex.) conta ined in th a t fragm ent (Rossiter. 
1987). Y rep re sen ts  the pseudogene fragm ent (Fuscoe et al, 1983., 
T hacker, 1986) (a) The p a ttern  following digestion with Eco RI in the 
p a re n t V79 cells show  two b an d s in addition  to the  pseudogene  
frag m en t. The m u ta n t MIO show s a com plete  loss of th e  two 
fragm ents while M2 shows loss of one band (b) Digest after trea tm en t 
w ith Pst 1. MIO show s the loss tw o/three bands.
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Eco R I Pst I
Figure 6 .16 . S o u th e rn  b le t show ing p a re n t (V79-4) an d  m u ta n t hpr t 
gene fragm en ts for five FVu II induced  m u ta n ts  (M5, M6, M7, M8, 
M l4)). (a) The p a tte rn  follow ing d igests  w ith  Eco RI in  th e  p a re n t 
V79 cells show  two b a n d s  in  add ition  to the  pseudogene  fragm ent. 
The m u ta n t M7 show s a  com plete loss of the  two fragm ents (b) D igest 
after trea tm en t w ith P st I, M7 aga in  show s the  loss tw o /th ree  bands.
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Figure 6 .17 . S o u th e rn  b lo t show ing p a re n t (V79-4) an d  m u ta n t hpr t 
gene fragm ents for five FVu 11 induced  m u ta n ts  (M9, M i l ,  M12, M IS, 
M21). (a) The p a tte rn  follow ing d igests w ith Eco RI in  the  p a re n t V79 
ce lls show  two b a n d s  in  add ition  to th e  pseudogene  fragm ent. The 
m u ta n t M12 show s a  com plete loss of the  two fragm en ts (b) D igest 
after trea tm en t w ith Pst 1, M12 show s the  loss tw o /th ree  bands.
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5 -
3 + D 5 + D
V 7 9  9  11 1 2  ' 3  1 1 3  2 3  2 *  2 5
#
9  + D
F igure  6 .18 . For each  gel, a n  in te rn a i  con tro l for th e  D uchene 
M uscu la r D ystrophy (DMD) w as amplified as a  contro l, S rep resen ts  
su p u r io u s  p ro d u c ts , 3=exon 3 (220 bp), 5=exon 5 (247 bp) and  
9=exon 9 (743 bp), 3 + D= am plification of exon 3 and  DMD gene,
5 + D= am plification of exon 5 and DMD gene, 9  + D =am plification of 
exon 9 + DMD gene.
(a) M2 h as lost exon 3 while exon 5 and 9 are p resen t
(b) M12 show s a  loss of all three exons (3, 5 and 9).
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14 8 7 6 5 V79 14 8  7  6  5  V 7 9
3  + D 5 + D
1 4  8  7 *  6  5  V 7 9
9  + D
Figure 6.19. (a) M7 h as  lost all the three exons (3,5 and  9).
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*17 15 10 4 24 V79 17 15 10 4 24 V79
3 + D 5 + D
17 15 10^ 4 24 V79
9 + D
Figure 6.20. (a) MIO h as lost all three exons (3,5 and 9).
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6.4 DISCUSSION
FVu II w as found to be m u ch  m ore effective {by a  fac to r o f abou t 
11) th a n  Eco RI in  th e  in d u c tio n  of m u ta tio n s  a t  th e  t k  locus. A 
s tra ig h t line th ro u g h  th e  d a ta  p o in ts  h a s  b een  draw n, how ever th is  
does n o t n ecessa r ily  im p ly  an y  p a r t ic u la r  s ignificance to  th e  dose- 
effect re la tionsh ip . The b ackg round  m u ta tio n s are given in  Table 6.1 
a n d  have b een  su b tra c te d  from  th e  values show n in  figure 6 .3 . The 
r e a s o n  for th e  re la tiv e ly  h ig h  leve l of m u ta t io n s  in d u c e d  by  
e lectroporation  tre a tm e n t alone (background) is n o t u n d e rs to o d  an d  
th is  background  did n o t ap p ea r to  corre late w ith a  h igh  chrom osom al 
ab e rra tio n  frequency in  e lectroporated  cells (Moses e t al, 1990). An X- 
ra y  dose-effect curve, red raw n  from  c h a p te r  4 is  also  in c lu d ed  in  
figure 6 .4  for com parison  (the top  horizon tal ax is re p re se n t dose in 
G rays). It h a s  b een  show n for FVu II a t  200  u n i ts /m l  th a t  d sb  are 
in d u ced  over m an y  h o u rs  follow ing trea tm e n t (see below, C osta  and  
B iy an t, 1990a). In th is  respec t, tre a tm e n t w ith  FVu 11 m ay resem b le a  
c h ro n ic , low d o se -ra te  t r e a tm e n t  w ith  X -rays. H ence  a  d ire c t 
com p a r iso n  of th e  X -ray curve (acu te  exposure) w ith  th o se  of RE 
in d u ce d  m u ta tio n s , b a se d  on  th e  n u m b e rs  of in d u ced  d sb , is n o t 
possib le a t th is  stage.
As d iscussed  above, the  re su l ts  in  figure 6.3 show  th a t  th e  b lun t- 
en d ed  dsb  genera ted  by  FVu II (recognition sequence: CAG*CTG) are  
m u c h  m ore effective in  c au s in g  m u ta tio n s  a t  th e  t k  locus th a n  are 
cohesive  type of d sb  g e n e ra te d  by  Eco RI (recognition  seq u en ce : 
G*AATTC). T h is  r e s u l t  is  s im ila r  to  th a t  o b ta in ed  w h e n  u s in g  
chrom osom al ab erra tio n s  a s  a n  end  po in t (Bryant, 1984, B ry an t and 
C hristie , 1989) an d  for cell k illing (Bryant, 1985), w hich  su p p o rts  the  
n o tio n  th a t  th e  in d u c tio n  of m u ta t io n s  and  cell k illing m ig h t s tem  
from  the  induction  of ch rom osom al ab erra tio n s of de letion (break) or 
exchange types provided su c h  a  change in  th e  DNA seq u en ce  gives 
rise  to a  no n - le th a l m u ta tio n . T his no tion  is co rroborated  b y  re su l ts  
from  th e  derived rad iosensitive  m u ta n t line x rs  5 w here a  deficiency 
in  d sb  rep a ir  (Kemp e t al, 1984., C osta  an d  B ryan t, 1988), h igher 
y ie lds of chrom osom al a b e rra t io n s  (Kemp an d  Jeggo ,1986 ., D arroud i 
a n d  N atarajan , 1987b., B iy an t e t al, 1987., Macleod an d  B ryant, 1990), 
in c reased  m u ta tio n  frequency  (M ussa e t al., 1990) a n d  a n  in c re ased  
cell k illing ap p ea r to be  in te rco rre la ted .
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M o le c u la r  c lo n in g  a n d  n u c le o tid e  s e q u e n c in g  of a n  
ap p ro x im a te ly  fu ll-leng th  C hinese h a m s te r  t k  cDNA h a s  led to the 
re so lu tio n  of th e  h a m s te r  tk  gene (Lewis, 1986). T here  are  four and 
s ix  re s tr ic tio n  s ite s  w ith in  th e  t k  gene for Pvu II a n d  Eco RI 
respective ly  (Figure 6.13). The h igher m u ta tio n  frequency observed in  
Pvu II com pared w ith  Eco RI trea ted  cells th u s  does n o t re su lt  from a  
difference in  th e  frequency of Pvu 11 and  Eco RI s ite s  in  th e  tk  gene. 
The lower n u m b er of Pvu 11 sites  in  the  tk  gene fu r th e r  a cc en tu a te s  
th e  im portance  of b lu n t-en d ed  dsb  as critical lesions in  m u tagenesis  
a lthough  th e  possibility  of a difference in  the  accessibility  of these  two 
enzym es to  s ite s  in  th e  t k  gene; e.g. d u e  to d iffe ren t degrees of 
c o n d en sa tio n  of th e  DNA in  d ifferent p a r ts  of th e  gene can  n o t be 
ru led  ou t. It is of in te re s t a t  th is  po in t to no te  th a t  H pa I induced  
m u ta tio n  frequencies (figure 6.6) are lower th a n  th o se  observed in  Pvu 
11 t r e a te d  ce lls  (figu re  6 .3) d e sp ite  th e  u s e  of h ig h e r  RE 
co n cen tra tio n s. Since th e re  are 4 Pvu II res tric tion  s ites  com pared to 
th e  sing le H pa  I s ite , th is  w ou ld suggest th a t  a  re la tio n sh ip  ex ists 
betw een  the  n u m b er of sites  p roducing  b lu n t-en d ed  d sb  a n d  an d  the 
ab ility  to  induce  m u ta tio n s . However, th is  re la tio n sh ip  does n o t ho ld 
tru e  for b lu n t- and  cohesive-ended dsb  as already  d iscu ssed  above for 
Pvu II an d  Eco RI m u ta tio n  induction /no . of restric tion  sites.
T he im p o rtan ce  of b lu n t-e n d ed  d sb  w ith  re sp ec t to  m u ta tio n  
in d u c tio n  is  fu rth e r  su p p o rted  by  the  increased  m u ta tio n  frequencies 
observed in  ce lls trea te d  w ith  H pa 1 com pared to  th ose  trea te d  Xho I 
(figure 6 .6), th e se  RE g e n era tin g  b lu n t-  an d  cohesive-ended  dsb  
respective ly . T here is  one restric tion  site  for each  H pa 1 an d  Xho 1 in  
th e  genom ic tk  gene (figure 6.14) separa ted  by approx im ate ly  260 bp. 
T h is  re la tive ly  close prox im ity  of th e  two R E -sites will red u ce  any  
positional effects on th e  induction  of m u ta tions as well as ren d e r bo th  
s ite s  near-s im ila rly  accessibe  to the  RE, a  poss ib le facto r w h ich  h a s  
b e e n  su g g e s te d  by  som e to  a c c o u n t for th e  d ifference  in  th e  
e ffectiveness o f v a r io u s  RE to give rise  to a  v a rie ty  of e n d -p o in ts  
(W inegar, 1988).
A poss ib le  ex p lan a tio n  for the  different effectiveness of b lu n t-  
a n d  cohesive-ended d sb  cou ld be th a t  b lun t-ended  d sb  are repa ired  a t 
a  slow er ra te  th a n  th e  cohesive type (Bryant, 1984). T his is ind icated  
in  re c e n t s tu d ie s  (C osta an d  B ryant, 1990a,b) in  w hich  n e u tra l filter 
e lu tio n  w as u sed  to  m ea su re  th e  k inetics of d sb  in d u ced  by  Pvu II
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w hich show ed th a t  dsb  accum ulated  w ith tim e for u p  to 24  h rs  in  CHO 
KI ce lls, sugg esting  th a t  in c is io n  of DNA exceeded th e  ra te  of d sb  
re jo in in g , w h e re a s  for B am  HI a n d  Eco RI (p ro d u cin g  cohesive  
term ini), th e  ra te  of rejoining w as apparen tly  h igher th a n  th e  incision  
ra te  so th a t  d sb  did n o t accum ulate . The accum ulation  of dsb  cou ld n o t 
be a ttr ib u te d  to cell d ea th  a n d  DNA degradation . C osta  an d  B ry an t 
(1990a) show ed th is  u s in g  th e  try p an  b lue  exc lusion  a ssa y  in  w hich  
on ly  0.5%  cell d ea th  occured a t  e ith er 0  h rs  or 24  h rs  after trea tm e n t 
w ith  RE. A lso u s in g  the  DNA precip itab ility  assay , approx im ate ly  1% 
DNA from  RE trea ted  cells failed to  p rec ip itate  in  trich loroacetic  ac id  
(TCA) b o th  a t  0  h r s  an d  24  h r s  a fte r trea tm en t. R esu lts  from  b o th  
th ese  assay s th u s  suggested th a t  accum ulation  of d sb  w as indeed due  
to cu ttin g  of DNA by RE ra th e r  th a n  DNA degradation  as a  resu lt  of cell 
d e a th  in  RE trea ted  cells.
Loss of DNA sequence  in  th e  tk  gene m ay  have re su lte d  
from  a  chrom osom al de letion o r a  rea rran g em en t induced  as a  re su l t  
of n o n  re p a i r  o r m is re p a ir  of b lu n t-e n d e d  d sb  w h ich  is  finally  
expressed  as a  viable (non-lethal) m u ta tion . Since th e  k inetics of Pvu II 
in d u ce d  d sb  a re  su c h  th a t  th e  d sb  a re  p roduced  over m any  h o u rs  
fo llow ing  t r e a tm e n t  (C osta a n d  B ry a n t, 1 990a ,b ), i t  w ou ld  be  
p re m a tu re  a t  th is  stage to d ed u ce  an y th in g  from  th e  sh ap e  of th e  
enzym e dose-effect curve . However like X -rays, Pvu II induced  h igh  
freq u en cies  o f tk- m u ta n ts , ag a in  confirm ing o u r  be lief th a t  th e  t k  
locus in  CHO KI cells is functionally  heterozygous. Evidence of b o th  
n o n -re p a ir  a n d  m isrep a ir  of d sb  is  provided by  th e  rad iosensitive  
m u ta n t  cell line x r s  5 cells w h ich , w hen  exposed to e ither RE or X- 
rays, show  a n  increased  form ation  of de letion a n d  exchange types of 
ch rom osom e a b e rra tio n s  w hen  com p ared  to th e  w ild type CHO KI 
p a r e n t  lin e  (B ry an t e t al, 1987). T h is  in c re a s e d  fo rm a tio n  of 
ch rom osom e a b e rra t io n s  in  x r s  5 is  accom panied  by  a n  en h an ced  
m u tab ility  a t the  tk  (M ussa et al, 1990) and  a t  th e  hprt locus (D arroudi 
an d  N a ta ra jan , 1989) follow ing exposure  to X -rays. All th e  above d a ta  
p ro v id es  f u r th e r  ev idence for a n  in te rc o rre la t io n  b e tw een  d sb , 
chrom osom e aberrations and  m u ta tio n  induction.
An earlie r s tu d y  (Obe e t al. 1986) show ed th a t  A lu I (generates 
b lu n t-e n d e d  dsb) p roduced  m u ta t io n s  a t  th e  h p r t  locus w h ich  w ere 
acco m p an ied  by  ch rom osom a l a b e rra t io n s ; how ever, in  th e  sam e  
study , A lu I w as found to be ineffective in  inducing  po in t m u ta tio n s  a t
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the  Na+/K+ ATPase locus m easu red  by  o u ab a in  resistance. This d a ta  
w as  in te rp re te d  to m ean  th a t  m o s t of th e  A lu  I- induced  h p r t  
m u ta tio n s  occured  a s  a  resu lt  of a  m ajo r s tru c tu ra l change in  th e  X~ 
chrom osom e carry ing th is  gene w hich  is lethal a t  th e  O uaba in  locus. 
S o u th e rn  b lo t analy s is  show  th a t  th e  m ajority  of rad ia tio n -in d u ced  
m u ta t io n s  a t  th e  hprt lo cu s in  V 79 ce lls (Vrieling e t al, 1985., 
T hacker, 1986) are  assoc iated  w ith  large losses of DNA, This suggests 
th a t  m u ta tio n s  a t  these  loci a re  essen tia lly  ‘chrom osom al’ m u ta tio n s , 
m ean ing  th a t  th ey  involve th e  loss or rea rran g em en t of large am o u n ts  
of DNA. B ased  on  th e  above m en tio n ed  d a ta , it  is  likely th a t  RE- 
induced  m u ta n ts  sim ilarly occur a s  a  resu lt of chrom osom al m u ta tions. 
T h is view is su p p o rted  by th e  in c reased  p ro d u ctio n  of chrom osom e 
a b erra tio n s  observed in  V79 an d  CHO KI C hinese h am ste r cells trea ted  
w ith  Pvu II (B ryant, 1984., B ry a n t e t al, 1987) fu r th e r  in d ica tin g  a  
com m on origin (DNA lesion) for b o th  chrom osom al ab e rra tio n s  an d  
m utations.
In  figure 6.7, we have m ade a  com parison  of th e  frequencies of 
m u ta t io n s  a t  bo th  th e  tk  an d  h p r t  loci follow ing X -irradiation  {hprt 
d a ta  from  D arroudi and  N ataraj an , 1989 and  T hacker and  Cox, 1975). 
T he he terozygous tk  locus in  CHO KI cells is c learly  m u ta ted  a t  a  
h igher frequency (by a  factor of ab o u t 3) com pared to the  hem izygous 
hpr t locus in  b o th  CHO KI a n d  V79 cells, A h igher m utab ility  a t th e  tk  
lo cu s  th a n  a t  th e  h p r t  locus h a s  a lso  b een  observed  in  th e  m ouse  
lym phom a L5178Y cell line an d  th is  is th o u g h t to  re su lt  in  th e  case  of 
h p r t due  to its  poor recoveiy from  dam age to flanking essen tia l genes 
on  th e  sing le  copy X -chrom osom e (Evans e t al, 1986). A s im ila r  
com parison  betw een d a ta  for m u ta tio n s  a t  th e  tk  and  hprt loci c a n  be 
m ade  for cells trea ted  w ith  re s tric tio n  endonuc leases (figure 6.8). In 
th is  case, Pvu II can  be seen  to induce  h igher frequencies of m u ta tio n s 
a t  tlie  tk  locus (p resen t work) th a n  th o se  induced  by  A lu I (inducing 
d sb  w ith  b lu n t term ini) a t the  hprt locus (data from  Obe e t al, 1986) in  
V79 cells. Like X-rays, Pvu II induced  m uta tions a t  the tk  locus show  a  
s im ila r h igher m u ta tion  frequency (also by approx im ate ly  a  factor of 3) 
over th a t  observed a t  th e  h p r t  locus follow ing trea tm e n t w ith  A lu I. 
T h is n o t on ly fu rth e r exem plifies the  sensitivity  of the  tk  locus to DNA 
dam age  b u t  also  provides ad d itio n a l evidence th a t  b lu n t-en d ed  d sb  
in d u ced  by  Pvu II tru ly  m im ic radiation-induced  p re-m utational lesions 
are  th u s  rep resen ta tive  of th e  type of in itial dam age (i.e dsb) w hich  is
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m isrepa ired , fixed a n d  expressed  a s  a  viable m u ta tio n  in  X -irradiated 
cells. However, a n  exact com parison  of the  A lu I m u ta tio n  d a ta  (Obe e t 
al, 1986) w ith  Pvu II in d u ced  m u ta tio n  frequencies c a n n o t be m ade 
b e ca u se  of d ifferences in  th e  m ethod  of tre a tin g  ce lls w ith  th e  RE. 
M oreover, it  is  possib le  th a t  Alu I c u ts  th e  h p r t  gene a t  a  different 
frequency  from  th a t  of Pvu II a t  th e  tk  locus. S im ila r to  th e  above 
com parison , a  h ig h er m u ta tio n  induction  is observed a t  th e  tk  locus 
th a n  a t  th e  hpr t locus in  Pvu II trea ted  cells (figure 6.12). In th is  case, 
u n lik e  th e  A lu I co m parison  m ade above, b o th  th e  cell lines w ere 
exposed to s im ila r cond itions hence  th is  re su l t  w ould provide fu rth e r 
su p p o r t for a  s im ila r ity  to  th e  X -ray in d u ced  c u rv es  (figure 6.7), 
fu r th e r  suggesting  th e  im portance of b lu n t-en d ed  d sb  in  rep resen ting  
rad ia tion -induced  p re-m u tational lesions.
A nalysis of m o lecu la r changes in  th e  DNA of m u ta n t cells is 
e ssen tia l for a  b e tte r  u n d e rs ta n d in g  of th e  p ro cess  of m u tagenesis . 
T his goal h a s  b een  ach ieved recen tly  w ith  th e  iso la tion  of m u ta n ts  a t  
th e  aprt gene in  h a m ste r cells w h ich due to  its  sm all size (< 4 kb) h a s  
b e e n  well se q u e n c e d  in  m a n y  m u ta n t  ce lls  th u s  allow ing  th e  
identification of sm all changes su c h  as po in t m u ta tio n s  (Nalbantog lu e t 
al, 1987). Sim ila r a n a ly ses  have been  ach ieved w ith  th e  h p r t gene 
follow ing trea tm e n t w ith  various types of ionising rad ia tion  (Brown and  
T hacker, 1984., Brown e t al, 1986., T hacker, 1986., S tankow ski e t al, 
1986., Fuscoe e t al, 1986). The iso lation of hprt- m u ta n ts  in  V79 cells 
follow ing trea tm e n t w ith  Pvu II, a  RE w h ich s im u la tes b lun t-ended  dsb  
w as th e  firs t s tep  in  looking a t  th e  m o lecu lar changes assoc iated  w ith  
'pu re ' d sb  w ith o u t th e  in terference of o ther lesions, a s  in  th e  case of 
tre a tm e n t follow ing ion ising  rad ia tion . The DNA of th e  hpr t m u ta n t 
ce lls w as iso la ted  an d  u s in g  two RE nam e ly  Eco RI an d  P s t I, th e  
re s tric tio n  fragm en t p a tte rn s  on th e  so u th e rn  b lo ts  w ere com pared  
w ith  a  m ap of th e  p a re n t V79 h a m ste r hpr t gene (Rossiter, 1987). In 
figure 6.15, follow ing trea tm en t w ith  Eco RI, the  m u ta n t M2 h a s  lost a  
11 kb  fragm ent ind icating  a  possib le de letion a t  th e  5' end  of the  gene 
w hile the  m u ta n t  MIO h a s  lo s t b o th  gene fragm en ts. The loss of th e  
two large Eco RI fragm ents adds u p  to >20 kb  w hich  probably  con ta ins 
the  who le functional gene w hich wou ld suggest th e  existence of a  large 
de le tion  re su l tin g  in  lo ss  of w hole of th e  fu n c tio n a l gene. T his is  
su p p o rte d  b y  th e  P s t I re s tr ic tio n  frag m en t p a tte rn  in  w hich  M2 
show s a  slig h t a ltera tio n  in  th e  la rg est (faint) fragm en t w hich  w ou ld
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also suggest a  5' a ltera tion  (not definite). In th e  sam e  b lot, MIO shows 
on ly a  pseudogene fragm en t fu rth e r suggesting  a  com plete gene loss. 
In figure 6.16, th e  Eco RI restric tion  p a tte rn  show s M7 to have lost all 
of th e  gene fragm en ts w hich is confirm ed in  th e  P s t I b lo t w here M7 
is th e  on ly definite de letion m u ta tio n  (only th e  pseudogene fragm ent 
is  visible). In addition  to th is , th e  la rg est fragm en t of M8 seem s to be 
m issing  w hich w ou ld suggest an  alteration  a t  th e  5' end  of th e  gene in 
th is  m u tan t. Finally, in  figure 6.17, M12 h a s  a  com plete de letion w ith 
all th e  fragm en ts  m issing  in  th e  Eco RI re s tric tio n  p a tte rn . This is 
suppo rted  by the  loss of all the  b an d  except for a  pseudogene fragm ent 
in  th e  P st I re s tr ic tio n  p a tte rn . T he rem a in in g  m u ta n ts  (10/15), 
w h ich  show  no  ch an g es in  th e  so u th e rn  b lo ts  p robab ly  have sm all 
m u ta tio n s  beyond th e  lim its of detection of S o u th e rn  b lo t analysis, or 
m u ta tio n s  in regions w hich are n o t covered by  th e  probe. In addition, 
i t  is  possib le  th a t  th e  m u ta n ts  w ith  a n  u n a lte re d  gene fragm ent 
p a tte rn  are of sp o n tan o eu s origin (Brown and  T hacker, 1984) although 
th is  is high ly  un like ly  in  view of th e  low frequency  of spon taneous ly  
in d u ce d  h p r t-  m u ta n ts  (Table 6.2). H ence, th is  p re lim in a ry  d a ta  
sugg ests  th a t  5 /1 5  Pvu Il-induced m u ta n ts  show  large de letions some 
of w hich  are  asso c ia ted  w ith  the  lo ss of th e  w ho le of the  functional 
h pr t  gene.
In S o u th e rn  analy s is , one b a n d  often co n ta in s  m ore th a n  one 
exon of th e  h p r t  gene  (R ossiter e t al, 1991) w h ich  re d u c e s  th e  
reso lu tion  in de te rm in ing  th e  ex ten t of a  de letion. The ava ilab ility  of 
th e  prim er sequence  for the  9 exons in  the  hpr t gene h a s  enab led  the  
u se  of PCR to am plify specific exons to confirm  a n d  fu rth e r resolve the 
re su l ts  obta ined  w ith  S o u th e rn  analys is. For th e  p re sen t experim ents, 
exon 3, 5 an d  9 w ere am plified in  all th e  m u ta n ts  (M l-M l5). M2 h a s  
lo st exon 3 while 5 and  9 are p resen t. This would suggest a  de letion a t 
th e  5' end confirm ing so u th e rn  b lo t analys is  (figure 6 .18-6 .20). M7, 
MIO and  M12 h a s  lo s t all exons 3, 5 and  9 confirm ing the  presence of 
a  large de letion w ith  th e  loss of the  whole gene. All th e  o ther m u ta n ts  
1 1 /1 5  do n o t co n ta in  de letions in  the  reg ions of exons 3, 5 or 9. 
However, th is  does n o t ru le  o u t changes in  o th e r p a r ts  of the  gene 
especially the 5' end, w hich  h a s  n o t been  analysed due  to the  difficulty 
in  getting p rim ers for exon 1 to work.
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The p resen ce  of th e  large de letion  m u ta n ts  observed follow ing 
trea tm e n t w ith  RE is s im ila r to in  de le tio n -m u tan ts  induced  follow ing 
trea tm e n t w ith  ionising rad ia tio n  b u t  a t a  lower frequency.
T re a tm e n t N um ber of m u ta n ts  
analysed
Large changes 
(de letions)
Pvu II 15 33%
Ionising rad iation 3 0 -5 0 70% *
T ab le  6 .3 . T he p e rc en ta g e  of m u ta n ts  [hprt-] w h ich  show  large  
de letions follow ing trea tm e n t w ith  RE an d  ionising radiation .
(* D a ta  from  Brown an d  T hacker, 1984., Brown e t al, 1986, T hacker, 
1986).
Extensive s tu d ies  of m u ta tio n s  a t  the  hprt gene in h a m ste r  cells 
have found th a t  large de letions occur in  ab o u t 70% of m u ta n ts  induced  
by  ionising  rad ia tion  (Thacker, 1986., S tankow ski e t al, 1986., Fuscoe 
e t al, 1986). The nu m b er of R E -induced m u ta n ts  analysed  is too sm all 
to m ake  a  definite conc lusion  b u t  th is  pre lim inary  d a ta  w ould su p p o rt 
a  re la tio n sh ip  betw een b lu n t-e n d e d  d sb  an d  th e  in d u c tio n  of large 
de letions. The above re su l ts  w ould provide a  p laus ib le  exp lanation  for 
the  increased  m u ta tion  frequencies a t  th e  tk  locus observed in  CHO KI 
ce lls tre a te d  w ith  b o th  Pvu II a n d  H pa I, RE w h ich  g enera te  b lu n t-  
ended  dsb.
R ad ia tio n  is th o u g h t to  in d u ce  a  m ix tu re  of b o th  b lu n t  and  
cohesive-ended  dsb  w ith  a  p redom inance  of th e  la t te r  type a n d  th is  
w as suggested  as  a  poss ib le rea so n  for th e  relative ly low efficiency of 
th e  conversion  of X -ray in d u ced  dsb  in to  ch rom osom al a b e rra tio n s  
(Bryant, 1990). D espite th e  fac t th a t  the  ’c lean’ b re a k s  (those w ith  3 ’ 
hydroxy l a n d  5 ’ phosphory l term ini) induced  by  RE a re  un like ly  to be 
gen era ted  by  X -rays, th e  large de letions observed in  R E -induced hpr t 
m u ta n ts , th o u g h  pre lim inary, w ould po in t to  d sb  a s  critical lesions in  
m u ta g en e s is  due  to m is rep a ir  a s  a  re su l t  of th e  reduced  rep a ir  ra te  
(C osta an d  B ryant, 1990 a,b). T h is  a p p ro a ch  of u s in g  RE to m im ic
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rad ia tio n -in d u ced  m u tagenesis  offers a  m odel system  w hich m ay  lead 
to a  fu tu re  u n d ers tan d in g  of th e  m ode of conversion of X -ray induced  
d sb  in to  m u ta t io n s  fo r e lu c id a t in g  th e  m o le c u la r  n a tu r e  of 
m ech an ism (s) for th e  fo rm a tio n  of m u ta t io n s . G ibbs e t a l (1987) 
suggested  d sb  a s  th e  p rincip le  m utagen ic  lesion  induced  by  X -rays. 
T h is  n o tio n  is su p p o rte d  by  th e  p re s e n t  in v es tig a tio n  w h ich  in  
add ition  suggests th a t  m u ta tio n s  cau sed  by  X -rays are likely to a rise  
principally  via dsb w ith  b lu n t-en d ed  term ini.
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The re su l ts  obta ined during  th e  cou rse  of th is  project, show th e  
the  au to som al tk  locus in  Chinese h a m s te r  (CHO KI) cells as a  h igh ly 
sensitive  locus. T h is allowed the  iso la tio n  a n d  m ea su re m e n t of tk-  
m u ta n ts  a t  a  very high  frequency follow ing tre a tm e n t w ith  X-rays or 
RE. The reason  for th is  high sensitivity to  m u tagens m ay  be th a t the  tk  
locus resid es on a  chrom osom e w ith  n o n -essen tia l flanking  regions so 
th a t  a  de letion  of a  large p a rt of th is  chrom osom e does no t resu lt in  
d e a th  of th e  m u ta n t cells. T h is view is  su p p o rte d  b y  m ore recen t 
s tu d ie s  w hich  suggest th a t  the  heterozygous n a tu re  of th e  tk  locus 
p e rm its  th e  recovery  of b o th  s ing le-gene  a n d  la rg e  chrom osom al 
m u ta tio n s , while the  m ore com m on ly u se d  hpr t p e rm its  the  recovery 
of m u ta tio n s  affecting only single gene on ly (Evans e t al, 1986., Moore 
e t al, 1987, 1989). B ased on the  re su l ts  of th e  su b seq u e n t analysis of 
the  induced  tk- m u ta n ts , the  stab ility  of th ese  m u ta n ts  indicates th a t  
the  m u ta tio n  system  se lects for 'tru e ’ s tab le  tk- m u ta n ts  ra th e r th a n  an  
un stab le  m utational change.
The increased  frequency of m u ta tio n s  observed in  the  xrs 5 cell 
line com pared  to th e  p a re n t CHO KI ce lls line (C hap ter 4) provides 
evidence for th e  im portance of DNA re p a ir  a n d  m ore specifically dsb  
repa ir  in  preventing the  induction  of a  m u ta tion .
T h is view is su p p o rte d  by  th e  in c re ased  m u ta t io n  frequency  
observed in  CHO KI cells trea ted  to X -rays in  the  p resen ce  of a  DNA 
sy n th esis  inh ib ito r (era A), w h ich is also  know n to in h ib it dsb  repa ir. 
This re su l t  he lps to u n d e rs tan d  the  hyperm utab ility  observed in x rs  5 
cells, an d  is fu rth er evidence of the  im portance of d sb  in  giving rise  to 
m u ta tio n s . In  addition to th is, the  increased  m u ta tio n  frequency in  the  
p resence  of a ra  A po in ts  to the  existence of a  su b -c la ss  of dsb, w hich 
are  rep a ired  in d ep en d en tly  of DNA polym erization , possib ly  via a  
sim p le ligation step . S ince the  ligation  s tep  does u su a lly  no t requ ire  
a n y  exonuc lease  activity, th is  c la ss  of dsb  m ay  b e  m ore prone to 
m isrep a ir/m is jo in in g , th u s  accoun ting  for th e  in creased  induction  of 
m utations.
The h igh  frequency  of ch rom a tid  b re a k s  in  a ra  A tie a te d  cells 
(the experim en tal sch ed u le  for tre a tm e n t w ith  a ra  A w as s im ila r for 
bo th  m u ta tio n  and  G2 assay) provides ind irec t evidence for dsb  rep a ir  
inh ib ition  by  a ra  A. T h is corre la tion  betw een  the  increased  m u ta tio n  
induction  and  chrom atid  b reaks, m ay  suggest a  s im ila r m echanism  by 
w hich  inh ib ition  of th e  dsb  repa ir leads to  the  induc tion  of m u ta tio n s
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an d  form ation  of ch rom a tid  b reaks, the  form er being  n o n - le tha l while 
th e  la t te r  m ay  be lethal. T h is corre lation  is fu rth e r  su p p o rted  by the  
in c reased  frequency  of chrom osom e ab erra tio n s  observed in  C hinese 
h a m s te r  cells exposed to th e  sim ilar conditions u se d  in  the  m u ta tio n  
ex p erim en ts  e.g. X -rays a n d  RE (Bryant e t al, 1987., D arroud i and  
N atarajan , 1987a,b).
The increased  frequency  of m u ta tio n s  observed in cells trea ted  
w ith  RE generating  b lu n t-en d ed  dsb  com pared to cohesive-ended dsb, 
suggests fu rth e r a  su b -c lass  of dsb (on the  b as is  of th e  en d -s tru c tu re  of 
dsb) w ith  re sp ec t to  th e  ab ility  to induce  m u ta t io n s . An in creased  
freq u e n cy  of m is re p a ir  of b lu n t-e n d e d  d sb , p o ss ib ly  d u e  to  th e  
destab ilized  covalent bond ing  a t  po in t of b reakage  m ay be responsib le 
for giving rise to th e  increased  induction  of m uta tions. This is con trary  
to  cohesive-ended  d sb , w h ich  due  to th e  p resen c e  of in te rv en in g  
hydrogen-bonds n e a r  p o in t of breakage, m ay hold d sb -en d s together 
th u s  m ak ing  th e  dam aged site  m ore accessib le to th e  repa ir  enzym es. 
T his in  tu rn  will increase  the  fidelity of rep a ir  of th is  type of dsb  th u s  
accou n ting  for th e  reduced  induction  of m u ta tio n s . A sim p le ligation 
rep a ir  h a s  been  suggested  to  exist for b lun t-ended  d sb  (Costa, 1990c). 
Th is type of rep a ir  a s  suggested  for the  a ra  A d a ta  above, m ay  exp la in  
th e  increased  effectiveness of b lun t-ended  dsb  in  inducing  m utations.
B lu n t-en d ed  d sb  (induced by  Pvu II) w ere found  to  generate  
m u ta t io n s  a t  th e  h p r t  lo cu s  a n d  s u b s e q u e n t m o lecu la r  an a ly s is  
(sou thern  b loting and  PCR) of changes assoc iated  a t  th is  locus show ed 
-3 4 %  to  have large de letions. T his frequency  of de letion  m u ta n ts  is 
low er th a n  th a t  observed in  m u ta n t cells induced  follow ing trea tm e n t 
w ith  io n is in g  ra d ia t io n  (60-70% ; T h a c k e r  e t  a l, 1986). T h is  
com parison  m ay be indicative of the  difference betw een rad ia tion  an d  
R E -induced  d sb  in  th e  ab ility  to induced  m u ta tio n s . T his s tu d y  w as 
based  on the  analys is of on ly 15 m u ta n ts  therefore it m ay be necessary  
to iso la te  m ore R E -induced  m u ta n ts  to  provide m ore  conc lus ive  
evidence for th e  possib le role of b lu n t-en d ed  dsb  in  th e  induction  of 
large de letions as observed in  radiation-induced  m u tan ts .
F inally  it can  be sa id  th a t  th is  s tu d y  h a s  provided evidence for 
th e  im portance of dsb  a s  a  p re-m u tational lesion an d  fu rth e r  possib le 
su b -c la s s if ic a t io n  of th e s e  d sb  in to  th e  effectiveness to  in d u ce  
m u ta tio n s; a lthough  th e  exact n a tu re  of th ese  critical lesions rem a in s 
co n tro v e rs ia l. D esp ite  th e  fac t th a t  'c lean ' b re a k s , th o se  w ith  3'
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hydroxy l and  5' phosphory l term in i Induced by RE, are  un like ly  to  be 
generated  by X-rays a t  a  h igh  frequency, th e  ap p ro a ch  u sed  in  th is  
th es is  of using  RE to m im ic rad ia tion  offers a  m odel system  w hich m ay 
lead to  a  fu rth e r u n d e rs ta n d in g  of th e  m ode of conversion  of X -ray 
induced  dsb into m utations.
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Induced mutation frequencies were measured at the tk locus 
(encoding for the enzyme thymidine kinase) following treat­
ment of Chinese hamster ovary cells (CHO KI) with two 
restriction endonucleases (REs), FvuH and EcoRI, which 
generate ‘blunt-ended’ and ‘cohesive-ended’ DNA double­
strand breaks (dsb), respectively. Electroporation was used 
to introduce these enzymes into the cells. Restriction 
endonucleases generating blunt-ended dsb have been shown 
to mimic the action of ionising radiation in causing 
chromosome aberrations, cell killing, mutations and 
oncogenic transformation. Here we show that at the tk locus, 
PvuU induced an -  11-fold higher mutation frequency than 
EcoRI at the same enzyme concentrations. There are four 
PvuU and six EcoRI restriction sites in the Chinese hamster 
thymidine kinase gene. Hence the higher mutation induction 
by PvuUy despite the lower number of restriction sites than 
EcoRI in the tk gene, suggests that blunt-ended dsb repre­
sent more effective and critical mutagenic DNA lesions than 
the cohesive-ended tj^ pe. In this respect, our results are similar 
to those we obtained previously for chromosomal aberrations 
and for cell killing. Results from the present study suggest 
that mutations could arise from unrepaired or misrepaired 
dsb possibly via induction of chromosomal deletions or stable 
exchanges between chromosomes.
Introduction
Ionizing radiation has been known to induce a number of lesions 
in DNA by absorption of energy within or close to the DNA, 
These include direct-strand breakage, base damage, and the less 
frequent DNA-protein and DNA—DNA crosslinks. Most of this 
damage may be repaired by the cellular repair systems while the 
unrepaired or misrepaired damage may appear in the form of 
a viable mutation, chromosomal aberrations or even result in cell 
death. The DNA double-strand break (dsb) appears to be the most 
important lesion leading to the observed cellular effécts of ionizing 
radiation. Molecular analysis of mutants induced by ionizing 
radiation showed that a substantial portion (80%) of mutants arise 
as a result of gross structural damage to the DNA resulting in 
deletions of large sections of essential DNA sequence (Vrieling 
et al. , 1985; Thacker, 1986; Yandell et al. , 1986; Liber et al. , 
1987). Cytogenetic analysis of cells exposed to ionizing radia­
tion shows a dose-related formation of chromosome aberrations 
which have been suggested to arise due to misrepair or to failure 
of the repair system to remove the induced dsb produced by 
ionizing radiation (Natarajan et al. , 1980).
We have previously suggested that the Chinese hamster (CHO 
KI) line in our laboratory is functionally heterozygous with 
respect to the tk locus and therefore mutates at a very high
frequency, providing a highly sensitive locus for the assay of 
mutation (Mussa et al., 1990). The importance of dsb in the 
induction of mutations by radiation is indicated by our previous 
work (Mussa et a l., 1990) with the X-ray sensitive (xrs 5) cell 
line, a mutant line deficient in dsb repair (Jeggo and Kemp et al. , 
1983; Kemp et al., 1984). This line was found to be hypermutable 
compared to its parent cell line (CHO KI) following treatment 
with X-rays. In addition, treatment of permeabilized Chinese 
hamster cells with restriction endonucleases (REs) has been 
shown to induce mutations at the hprt locus (Obe et a l., 1986). 
REs have the property to recognize and cut the DNA double­
helix at specific sites. This property allows REs to be used in 
order to mimic radiation not only in inducing mutations but also 
causing chromosomal aberrations, cell killing and oncogenic 
transformation (Bryant, 1984, 1985; Bryant and Riches, 1989).
In the present study, we have further investigated the relation­
ship between dsb and mutations by treating cells with REs and 
measuring mutations at the thymidine kinase (tk) locus in CHO 
KI cells. REs were used that cause dsb with either blunt- or 
cohesive-ended termini (PvuII and EcoRL, respectively), and the 
yield of mutations at the tk locus assayed by plating cells in 
trifluorothymidine (TFT) selection medium. We have previously 
shown (Bryant, 1984) that dsb with blunt termini are much more 
effective than those with cohesive termini in inducing 
chromosomal aberrations.
Electroporation was used to facilitate the entry of REs into 
Chinese hamster cells. This method has previously been used 
to introduce REs into the cells to generate chromosome aberra­
tions (Winegar et al., 1989; Moses et al., 1990). The principle 
of this technique is based on the discharge of a capacitor through 
a cell suspension. This causes a localized breakdown of the 
plasma membrane creating ‘pores’ (Knight, 1981) and thus 
allowing cellular uptake of large molecules (Chu et a l., 1987) 
such as REs.
Materials and methods
Cell culture
Chinese hamster ovary (CHO KI) cells were used. Ceils were routinely main­
tained in Eagle’s minimum essential medium (MEM, Gibco) supplemented with 
fetal calf serum (10% v/v) and non-essential amino acids. Experiments were 
performed with an asynchronous population of exponentially growing cells.
Purification o f enzymes
The REs PvwII and EcoRI (Northumbria Biologicals Ltd, UK) were purified using 
Amicon 10 ultrafilters to remove the storage buffers (Bryant and Christie, 1989). 
The purified enzymes were then diluted to 10 U/fd in calcium-free Hanks balanced 
salt solution (HBSS) containing 6 mmol/1 MgCl; and 1 % bovine serum albumin 
(HBSS-BSA). Both PvkII and EcoRI were found to be fully active after purifica­
tion and during incubation for at least 9 h in HBSS-BSA at 37“C. This was verified 
using an in vitro plasmid (pBR322) digestion assay (unpublished data). At the 
present stage, it is not possible to determine directly the cutting activity of RE 
within the cellular environment because both cutting and repair of RE induced 
dsb are thought to occur simultaneously (Costa and Bryant, 1990a).
Electroporation
Exponentially growing cells were trypsinized from culture flasks and suspended 
in HBSS-BSA. Cells were centrifuged and resuspended in HBSS-BSA twice. The 
final cell concentration was adjusted to 10® cells/ml in HBSS-BSA. Electropora-
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tion was perfomed using a Ceil-Porator^^  ^ (Bethesda Research Laboratories). 
Purified RE (Pw/11 and fcoRI; 5 - 3 0  U) was mixed with I ml of cell suspen­
sion (10* cells) in an Eppendorf tube before pipetting into a disposable elec­
troporation chamber. The Cell-Porator^*  ^ was set to the following parameters: 
field strength, 750 V/cm; capacitance, 1600 /<F: resistance, low; temperature, 
ambient. The electroporation chamber was rinsed with HBSS-BSA between each 
enzyme treatment.
Immediately after electroporation, samples were poured into 15 ml conical 
centrifuge tubes containing 5 ml of warm MEM medium. Samples in medium 
were then centrifuged and the supematent aspirated. Cells were resuspended in 
10 ml of fresh medium, transferred into 75 cm  ^ flasks (Sterlin) and incubated 
for 4 days (Mussa et al. , 1990) at 37°C. The medium was changed after 24 h. 
All electroporations were repeated twice for each dose point.
Mutation assay
After 4 days expression time, cells were trypsinized and the suspension diluted 
to give —10* cells/dish in 9 cm tissue culture grade Petri dishes (Sterlin) with 
9 ml of MEM/trifluorothymidine (TFT, Sigma) at a concentration of 3 /ig/ml 
TFT (Adair and Carver, 1979). Dishes were incubated in a humidified incubator 
at 37 °C with 5% CO; in air for 12 days. Following aspiration of medium, 
colonies were fixed with methanol and stained with giemsa prior to scoring. Cells 
were also diluted to ~  KXl-200 cells per dish (5 cm) and incubated for 8 days 
in non-selective medium (MEM) to assay for the number of viable cells in the 
culture after the 4 days expression period. The total number of colonies in TFT 
plates and those in non-selective medium were counted, and the counts used to 
calculate the tk~ mutation frequency per viable cell.
Results and discussion
Results for mutations induced at the tk locus in CHO KI cells 
by treatment with the REs EvwU and EcoRI are shown in 
Figure I. The frequency of induced mutations was enzyme-dose 
dependent .for both enzymes; however, P v m I I  was found to be 
much more effective (factor of — 11) than EcoRI in the induc­
tion of mutations at the tk locus. We have drawn a straight line 
through the data points; however, by doing this we do not mean 
to attach any particular significance to the dose—effect relation­
ship. The background mutations are given in Table I and have 
been subtracted from the values shown in Figure I. The reason 
for the relatively high levels of mutations induced by electropora-
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Fig. 1. Induced mutation frequencies at the tk locus in CHO cells as a 
function of the concentration of PvuU. and fcoRI. A curve of X-ray induced 
mutations is also shown (redrawn from Mussa et al., 1990). All lines are 
fitted by eye and vertical bars represent standard errors of mean values 
from three experiments.
tion treatment alone (background) is not understood and this 
background did not appear to correlate with a high chromosomal 
aberration frequency in electroporated cells (Moses et al. , 1990). 
An X-ray dose-effect curve, redrawn from Mussa et al. (1990), 
is also included in Figure 1 for comparison (the top horizontal 
axis represent dose in Grays). It has been shown that for PvwII, 
the dsb are induced over many hours following treatment (see 
below, Costa and Bryant, 1990a). In this respect, treatment with 
PvuU may resemble a chronic, low dose-rate treatment with X- 
rays. Hence a direct comparison of the X-ray curve (acute 
exposure) and those of RE-induced mutations, based on the 
numbers of induced dsb, is at this stage not possible.
As mentioned above, results in Figure 1 show that the blunt- 
ended dsb generated by P v m I I  (recognition sequence: CAG*CTG) 
are much more effective in causing mutations at the tk locus than 
are cohesive type of dsb generated by EcoWL (recognition 
sequence: G*AATTC). This result is similar to that obtained 
when using chromosomal aberrations as an end point (Bryant, 
1984; Bryant and Christie, 1989) and for cell killing (Bryant, 
1985), which supports the notion that induction of mutations and 
cell killing might stem from the induction of chromosomal aber­
rations of deletion (break) or exchange types provided such a 
change in the DNA sequence gives rise to a non-lethal muta­
tion. This notion is corroborated by results from the derived 
radiosensitive mutant line xrs5 where a deficiency in dsb repair 
(Kemp et al. , 1984; Costa and Bryant, 1988), higher yields of 
chromosomal aberrations (Kemp and Jeggo, 1986; Darroudi and 
Natarajan, 1987; Bryant e ta i,  1987; Macleod and Bryant, 1990), 
increased mutation frequency (Mussa et al., 1990) and an 
increased cell killing appear to be intercorrelated. The reason 
for the lower efficiency of dsb with cohesive termini in causing 
mutations or chromosomal aberrations is not yet fully understood 
but may have to do with the more rapid and efficient repair of 
cohesive-ended dsb as compared with blunt-ended dsb (Bryant, 
1988; Costa and Bryant, 1990a,b).
Molecular cloning and nucleotide sequencing of an approx­
imately full-length Chinese hamster tk cDNA has led to the 
resolution of the hamster tk gene (Lewis, 1986). There are four 
and six restriction sites within the tk gene for P vmII and Ech RI, 
respectively (Figure 2). The higher mutation frequency observed 
in P vmII compared with PcoRI treated cells thus does not result
Table I. Frequency of TFT-resistant mutations in untreated and 
electroporated samples
Sample Mutations per 10* survivors®
Untreated cells 
Electroporated cells
3.6
19.3
“Average of three independent experiments
5 .2 K b  1 .8 K b  2 .6 K b  4 .2 K b 3 .0 K b
E go RI
I
E c o  R IE c o  R I E c o  R Ii ; i
P v u  I I JP v u  I I  P v u  I I  P v u  I I
-H ------------- 1
E c o  R I E c o  R I
_i i
Fig. 2. A restriction map of the Chinese hamster tk gene showing both 
P vkU and £coRI sites. Size of £coRI restriction fragments are also shpwn 
(redrawn from Lewis, 1986).
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from a difference in the frequency of P vmII and PcoRI sites in 
the tk gene. The lower number of i ^ n  sites in the tk gene further 
accentuates the importance of blunt-ended dsb as critical lesions 
in mutagenesis, although we cannot rule out the possibility of 
a difference in the accessibility of these two enzymes to sites in 
the tk gene, e.g. due to different degrees of condensation of the 
DNA in different parts of the gene. A possible explanation for 
the different effectiveness of blunt- and cohesive-ended dsb could 
be that blunt-ended dsb are repaired at a slower rate than the 
cohesive type (Bryant, 1984). This is indicated in recent studies
O CHOKI
•  V79
i A  CHOKI tk
2I
Ë
I h p r t
0 2 64 8
Dose (Gy)
b  70
O Pvu
t k
b 4 0
I  30I h p r tS 20
a
I  10
0 10 20 30 40
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Fig. 3. (a) X-ray induced mutations at the tk and hprt loci [(\79 lh pn  data 
from Van Zeeland and Simons (1976) and CHO/hprt data from Darroudi 
and Natarajan, (1989)}. Vertical bars represent standard errors of mean 
values from three experiments, (b) Induced mutation frequencies at the tk 
locus in CHO cells exposed to P vmII and at the hprt locus in V79 cells 
exposed to Alul [data from Obe et al. (1986)]. Vertical bars represent the 
standard errors of mean values from three experiments.
(Costa and Bryant, 1990a,b) in which neutral filter elution was 
used to measure the kinetics of dsb induced by P vmII which 
showed that dsb accumulate with time up to 24 h in CHO KI 
cells, suggesting that incision of DNA exceeded the rate of dsb 
rejoining whereas for BamlU and PcoRI (producing cohesive 
termini), the rate of rejoining was apparently higher than the inci­
sion rate so that dsb did not accumulate. The accumulation of 
dsb could not be attributed to cell death and DNA degradation. 
Costa and Bryant (1990a) showed this using the trypan blue exclu­
sion assay in which only 0.5% cell death occurred at either 0 
or 24 h after treatment with RE. Also, using the DNA 
precipitabUity assay, ~  1 % DNA from RE-treated cells failed 
to precipitate in trichloroacetic acid (TCA) both at 0 and 24 h 
after treatment. Results from both these assays thus suggested 
that accumulation of dsb was indeed due to cutting of DNA by 
RE rather than DNA degradation as a result of cell death in RE- 
treated cells.
Loss of DNA sequence in the tk gene may have resulted from 
a chromosomal deletion or a rearrangement induced as a result 
of non-repair or misrepair of blunt-ended dsb and which is finally 
expressed as a viable (non-lethal) mutation. Since the kinetics 
of PvMlI-induced dsb are such that the dsb are, as mentioned 
above, produced over many hours following treatment, it would 
be premature at this stage to deduce anything from the shape of 
the enzyme dose—effect curve. However, like X-rays, P vmII- 
induced high frequencies of tk~ mutants, again confirming our 
belief that the tk locus in CHO KI cells is functionally 
heterozygous (Mussa et a l., 1990). Evidence of both non-repair 
and misrepair of dsb is provided by the radiosensitive mutant 
cell line xrs5 cells which when exposed to either REs or X-rays 
shows an increased formation of deletion and exchange type of 
chromosome aberrations when compared to the wild-type CHO 
KI parent line (Bryant et al., 1987). This increased formation 
of chromosome aberrations in xrs5 is accompanied by an 
enhanced mutability at the tk (Mussa et al., 1990) and at the hprt 
locus (Darroudi and Natarajan, 1989) following exposure to X- 
rays. Ail the above data provides evidence for an intercorrela­
tion between dsb, chromosome aberrations and mutation 
induction.
An earlier study, Obe et al. (1986) showed that REs produced 
mutations at the hprt locus which were accompanied by 
chromosomal aberrations; however, REs were found to be inef­
fective in inducing point mutations at the Na'^/K^ ATPase locus 
measured by ouabain resistance. This data was interpreted to 
mean that most of the RE-induced hprt mutations occur as a result 
of a major structural change in the X-chromosome carrying this 
gene. Southern blot analysis shows that the majority of radiation- 
induced mutations at the hprt locus in V79 cells (Vrieling et al. , 
1985; Thacker, 1986) are associated with large losses of DNA. 
This suggests that mutations at these loci are essentially 
‘chromosomal’ mutations, meaning that they involve the loss or 
rearrangement of large amounts of DNA. Based on the above 
mentioned data, it is likely that RE-induced mutants similarly 
occur as a result of chromosomal mutations. This view is 
supported by the increased production of chromosome aberra­
tions observed in V79 and CHO KI Chinese hamster cells treated 
with PvuU (Btyant, 1984; Btyant et al., 1987) further indicating 
a common origin (DNA lesion) for both chromosomal aberra­
tions and mutations.
In Figure 3a, we have made a comparison of the frequencies 
of mutations at both the tk and hprt loci following X-irradiation 
[hprt data from Darroudi and Natarajan (1989) and Van Zeeland 
and Simons (1976)]. The heterozygous tk locus in CHO KI cells
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is clearly mutated at a higher frequency (factor of ~  3) compared 
to the hemizygous hprt locus in both CHO KI and V79 cells. 
A higher mutability at the tk locus than at the hprt locus has also 
been observed in the mouse lymphoma L5178Y cell line and this 
is thought to result in the case of hprt, from poor recovery from 
damage to flanking essential genes on the single copy X- 
chromosome (Evans et al., 1986). A similar comparison between 
data for mutations at the tk and hprt loci can be made for cells 
treated with restriction endonucleases (Figure 3b). In this case, 
PvmII can be seen to induce higher frequencies of mutations at 
the tk locus (present work) than those induced by Alul (inducing 
dsb witli blunt termini) at the hprt locus (data from Obe et al. , 
1986) in V79 cells. Like X-rays, PvMÜ-induced mutations at the 
tk locus show a similar higher mutation frequency (also a factor 
of -  3) over that observed at the hprt locus following treatment 
with Alul. This not only further exemplifies the sensitivity of the 
tk locus to DNA damage but also provides additional evidence 
that blunt-ended dsb induced by PvmII truly mimic radiation- 
induced pre-mutational lesions are thus representative of the type 
of initial damage (i.e. dsb) which is fixed and expressed as a 
viable mutation in X-irradiated cells. However, an exact 
comparison of the Alul mutation data (Obe et a l., 1986) with 
PvMlI-induced mutation frequencies cannot be made because of 
differences in the method of treating cells with the RE. Moreover, 
it is possible that Alul cuts the hprt gene at a different frequency 
from that by PvmII at the tk locus.
Radiation is thought to induce a mixture of both blunt- and 
cohesive-ended dsb with a predominance of the latter type, and 
this was suggested as a possible reason for the relatively low effi­
ciency of the conversion of X-ray-induced dsb into chromosomal 
aberrations (Bryant, 1989). Despite the fact that the ‘clean’ breaks 
(those with 3' hydroxyl and 5' phosphoryl termini) induced by 
RE are unlikely to be generated by X-rays, the approach of using 
RE to mimic radiation offers a model system which may lead 
to a future understanding of the mode of conversion of X-ray 
induced dsb into mutations. Gibbs et al. (1984) suggested dsb 
as the principle mutagenic lesion induced by X-rays. This notion 
is supported by the present investigation which in addition 
suggests that mutations caused by X-rays are likely to arise 
principally via dsb with the blunt-ended termini.
Acknowledgements
We would like to thank Mr J.McIntyre for his technical support. B.S. is supported 
by a grant from British Nuclear Fuels pic. The work was also supported by funds 
from the Cancer Research Campaign.
References
Adair,G.M. and Carv'er.J.H. (1979) Unstable non-mutational expression of 
resistance to the thymidine analogue triflorolhymidine in CHO cells. Mutat. 
Res., 60. 207-213 .
Bryanl.P.E (1984) Enzymatic restriction of mammalian cells using PvwII and 
BflwH 1 ; Evidence for the double-strand break origin of chromosomal aberra­
tions. Ini. J. Radial. Biol., 46, 5 7 -6 5 .
Bryant .P.E. (1985) Enzymatic restriction of mammalian cell DNA: evidence for 
double-strand breaks as potentially lethal lesions. Int. J. Radial. Biol., 48, 
5 5 -6 0 .
Bry ant,P.E. (1988) Use of restriction endonucleases to study relationships between 
DNA double-strand breaks, chromosomal aberrations and other end-points in 
mammalian ceils. Int. J. Radial. Biol., 54, 869 -  890.
Bryant.P.E. (1989) Restriction endonuclease- and radiation-induced DNA double­
strand breaks and chromosomal aberrations and other end-points in mammalian 
cells; similarities and differences. In Obe,G. and Natarajan,A.T., (eds), 
Cliroinosoimii Aberrations: Basic and Applied Aspects. Springer-Verlag, Berlin, 
pp. 61-69;
Bryant. P.E. and Christie.A.F. (1989) Induction of chromosomal aberrations in
CHO cells by restriction endonucleases: effects of blunt and cohesiVe-ended 
double-strand breaks. Int. J. Radiat. Biol. 52, 53 7 -5 5 4 . '
Bryant.P.E. and Riches,A. (1989) Oncogenic transformation of murihe C3H 
lOTl/2 cells resulting from DNA double-strand breaks induced by d restric­
tion endonuclease. Br. J. Cancer, 60, 852-854 .
Bryant.P.E., Birch,D.A. and Jeggo,P.A. (1987) High chromosomal sensitivity 
of Chinese hamster xtj5 cells to restriction endonucleases induce double-strand 
breaks. Int. J. Radiat. Biol., 52, 537 -554 .
Chu,G., Hayakawa,H. and Berg,P. (1987) Electroporation for the transfection 
of mammalian cells with DNA. Nucleic Acids Res., 15, 1311-1326.
Costa,N.D. and Bryant.P.E. (1988) Repair of DNA single-strand and double­
strand breaks in the Chinese hamster xrs5 mutant cell line as determined by 
DNA unwinding. Mutat. Res., 194, 9 3 -9 9 .
Costa.N.D. and Bryant.P.E. (1990a) The induction of DNA double-strand breaks 
in CHO cells by fvnll: kinetics using neutral filter elution (pH 9.6). Int. J. 
Radiat. Biol., 57 933-938 .
Costa.N.D. and Bryant.P.E. (1990b) Differences in accumulation of blunt- and 
cohesive-ended double-strand breaks generated by restriction endonucleases 
in electroporated CHO cells. Mutation Research DNA repair Reports. Mutat. 
Res., in press.
Darroudi,F. and Natarajan.A.T. (1987) Cytological characterisation of Chinese 
hamster ovary X-ray sensitive jcrr5 and jcrs61: Induction of chromosomal aber­
rations by irradiation and its modulation with 3-amino benzamide and caffeine. 
Mutat. Res., 177, 133-148.
Darroudi.F. and Natarajan.A.T. (1989) Cytological characterisation of Chinese 
hamster ovary X-ray sensitive mutants xrs5 and Jtrs6 IB: Induction of cell killing, 
chromosomal aberrations and sister-chromatid exchanges by bleomycin, mono- 
and bi-functional alkylating agents. Mutat. Res., 212, 123-135.
Evans,H.H., Mencl,J., Homg.M.F., Ricanati.M., Sanchez,C. and Hozier., J.
(1986) Locus specificity in the mutability of L5178Y mouse lymphoma cells; 
The role of multilocus lesions. Proc. Natl. Acad. Sci., 83, 4379-4383.
Gibbs.R.A., Camakaris,!., Hodgson.G.S. and Martin,R.F. (1987) Molecular 
characterization of '^ I^ decay and X-ray induced HPRT mutants in CHO cells. 
Int. J. Radiat. Biol., 51, 193-199.
Jeggo.P.A. and Kemp.L.M. (1983) X-ray sensitive mutants of Chinese hamster 
ovary cell line: isolation and cross-sensitivity to other DNA-damaging agents. 
Mutat. Res., 112, 313-327 .
Kemp.L.M. and Jeggo.P.A. (1986): Radiation-induced chromosome damage in 
X-ray sensitive mutants (zrr) of Chinese hamster ovary cell line. Mutat. Res., 
166 , 255 -2 6 3 .
Kemp.L.M., Sedgewick.S.G. and Jeggo.P.A. (1984) X-ray-sensitive mutants of 
Chinese hamster cells defective in double-strand break rejoining. Mutat. Res., 
132, 189-196.
Knight.D.E. (1981) Rendering cells permeable by exposure to electric fields. 
Techniq. Cell. Physiol., 113, 1—20.
Lewis,J.A. (1986) Structure and expression of the Chinese Hamster thymidine 
kinase gene. Mol. Cell. Biol., 6, 1998—2010.
Liber.H.L., Call.K.M. and Little,J.B. (1987) Molecular and biochemical analysis 
of spontaneous and X-ray induced mutants in human lymphoblastoid cells. 
Mutat. Res., 178, 143 — 153.
MacLeod.R.A.F. and Bryant.P.E. (1990) Similar kinetics of chromatid aberra­
tions in X-irradiated xrs5 and wild-type Chinese hamster ovary cells. 
Mutagenesis, 5, 407—410.
Moses,S.A.M., Christie.A.F. and Bryant.P.E. (1990) Clastogenicity of P vmII 
and EcdBl in electroporated CHO cells assayed by metaphase chrombsomal 
aberrations and by micronuclei using the cytokinesis-block technique. 
Mutagenesis, 5, 599 —603.
Mussa.T.A.K., Singh.B. and Bryant.P.E. (1990) Enhanced mutability at the tk 
locus in the radiosensitive double-strand break repair mutant JcraS. Mutai. Res., 
231, 187-193.
Natarajan.A.T., Obe.G., Van Zeeland,A., Palitti.F., Meijers.M. and Verdegaal- 
Immerzell.E.A.M. (1980) Molecular mechanisms involved in the production 
of chromosomal aberrations; n. Utilization of Neurospora endonuclease for 
the study of aberration production by X-rays in G1 and G2 stages of the cell 
cycle. Mutat. Res., 69, 293-305 .
Obe.G., Von der Hude.W., Scheutwinkel-Reich.M. and Baseler.A. (1986) The 
restriction endonuclease Alul induces chromosomal aberrations and mutations 
in the hypoxanthlne phosphoribosyl transferase locus but not in the Na' '^/K  ^
ATPase locus in V79 hamster cells. Mutat. Res., 174, 7 1 -7 4 .
Thacker,J. (1986) The nature of mutants induced by ionising radiation in cultured 
hamster cells, HI. Molecular characterization of HPRT-deficient mutants induced 
by gamma rays or alpha particles showing that the majority have deletions of 
all or part of the hprt gene. Mutat. Res., 160, 267-275 .
Van Zeeland,A.A. and Simons,J.W.I.M. (1976) Linear dose-response after 
prolonged expression time in V-79 Chinese hamster cells. Mutat. ReL, 35. 
129-138.
Vrieling.H., Simons,J.W.I.M., Arwert.S., Natarajan.A.T. and VanZeeland.A.A.
222
%
Induction of mutations at the tk locus
(1985) Mutations induced by X-rays at the hprt locus in cultured clunese hamster 
cells are mostly large deletions. Mutat. Res., 144, 281—286.
Winegar.R.A., Philips,!.W., Youngbloom,J.H. and Morgan,W.F. (1989) Cell 
poration is a highly efficient method for introducing restriction endonucleases 
into cells. Mutat. Res., 225, 4 9 -5 3 .
Yandell,D.W., Diyja.T.P. and Little .J.B. (1986) Somatic mutations at the 
heterozygous autosomal locus in human cells occur more frequently by allele 
loss than by intragenic structural alteration. Somatic Cell Mol. Genet., 12, 
2 55-263 .
Received on November 5, 1990; accepted on January 4, 1991
223
Singh, B. and P.E. B ryant (1990) In creased  m u ta tio n  in d u c tio n  in  
C hinese h a m s te r  ovary ce lls exposed to  X -rays a n d  a ra  A (1990), 
International. J . Rad ia tion Biology., 5 8 , 900-901 (1990).
Induced  m u ta tio n  frequencies a t  th e  thym idine k inase  (tk) locus 
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days by  p la tin g  cells in  m ed ium  con ta in ing  trifuoro thym idine (TFT, 
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grow th of colonies on  TFT p la tes . Previous s tu d ies  have show n a ra  A to 
be  a n  in h ib ito r  of DNA d o u b le -s tra n d  b re a k  (dsb) re su l tin g  in  
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expression  of m u ta tio n  in  irrad ia ted  cells.
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Summary
The thymidine kinase locus (tk) has been utilised as the target locus to measure the induced mutation 
frequency following X-irradiation in the X-ray-sensitive xrs5 mutant and its parent CHO KI line of 
Chinese hamster cells. Mutations to tk“ cells were measured by plating cells in selective medium 
containing trifluorothymidine after a post-irradiation expression time of 4 days. Our results show that the 
mutation frequency was 3 -4  times higher in the xrs5 mutant than in the CHO KI cell line. This enhanced 
mutation frequency in xrs5 is though to result from the deficiency in DNA double-strand break repair in 
this cell line which also results in the enhanced cell killing and higher frequencies of chromosomal 
aberrations in response to X-irradiation. The findings of the present study suggest that DNA double-strand 
break is a critical lesion leading to mutations in irradiated cells.
Ionising radiation is known to induce a variety 
of lesions in the DNA of cells. These include 
direct strand breakage, base damage and less fre­
quent D N A -D N A  and DNA-protein crosslinks. 
Cellular systems may repair some of these lesions 
while the unrepaired or misrepaired damage may 
appear in the form of a viable mutation or even 
result in cell death. Molecular analysis of mutants 
induced by ionising radiation suggested that a
* Present address: 4 /2  Jalawla, Dyala (Iraq).
Correspondence: Dr. Peter E. Bryant, Department of Biology 
and Preclinical Medicine, University of St. Andrews, St. 
Andrews, Fife KY16 9TS (Great Britain).
substantial portion (80%) of mutants occur as a 
result of gross structural damage to the D NA  
resulting in deletions of large sections of the se­
quence (Kavathas et al., 1980; On* et al., 1982; 
Graf and Chasin, 1982; Thacker, 1986; Yandell et 
al., 1986; Liber et al., 1987). These may have 
resulted from DNA double-strand breaks (dsb) 
since experiments show that both chromosomal 
aberrations and mutations can be induced by 
treating cells with restriction endonucleases 
(Bryant, 1984; Obe et al., 1986).
Some radiosensitive mammalian lines show an 
enhanced mutational response (e.g. Evans et al.,
1985) which has been attributed to the lack of a 
repair process (Evans et al., 1986). A notable
0027-5107/90/S03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division)
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exception to this is ataxia-teiangiectasia (A-T) cells 
which are sensitive to ionising radiation (Taylor et 
al., 1975) but are not found to be hypermutable 
(Arlett and Harcourt, 1978; Arlett, 1980). How­
ever A-T cells have not been found deficient in the 
repair of dsb (Lehmann and Stevens, 1977), al­
though the fidelity of this repair may be lower 
than in normal cells (Cox et al., 1986; Debenham 
et al., 1987).
Using the X-ray-sensitive xrs5 mutant of the 
CHO KI cell line (Jeggo and Kemp, 1983) wliich 
has been shown to be deficient in dsb repair 
(Kemp et al., 1986; Costa and Bryant, 1988) we 
have addressed the question of whether the de­
ficiency in the repair of dsb leads to a higher 
mutation frequency or whether the enhanced 
lethality would override the mutational events 
thereby leading to a reduced mutation frequency. 
An enhanced mutation frequency in repair-defi­
cient cells may depend critically on the balance 
between the cell killing and mutagenic potential of 
the induced lesion. In our investigation, we have 
utilised the autosomally located thymidine kinase 
locus (tk) as the target locus to compare the muta­
tional response in the radiosensitive mutant line 
xrs5 and its parent Chinese hamster ovary Une 
(CHO KI). The tk locus which has been widely 
used in previous studies in various cell lines (Clive 
et al., 1979; Hozier et al., 1981; Evans et al., 1986; 
Yandell et a l, 1986) appears to be heterozygous in 
the CHO KI cells thus providing a sensitive selec­
tion system when using trifluorothymidine (TFT) 
as the selective agent. Previous investigators have 
successfully selected thymidine kinase mutants 
(tk") using TFT as the selective agent (Brown and 
Clive, 1978; Adair and Carver, 1979; Moore et a l, 
1989).
Materials and methods
Cell culture
The X-ray-sensitive xrs5 line of Jeggo and 
Kemp (1983) and its wild-type parent line CHO 
KI were used. These were routinely maintained in 
Eagle’s minimum essential medium (MEM, Gibco) 
supplemented with fetal calf serum (10%) and 
non-essential amino acids. Experiments were per­
formed with asynchronous populations of ex­
ponentially growing cells.
Mutation assay
Cells were seeded in 75-cm^ flasks (Sterlin) in 
culture medium (MEM) at densities ranging from 
2 X  10^-10^ cells per flask. Flasks were gassed 
and incubated at 37 ° C for 4 h to allow formation 
of a cellular monolayer prior to irradiation. Fol­
lowing X-ray exposure, flasks were incubated for 4 
days (expression time) to yield the optimum muta­
tion frequencies. After the expression period, cells 
were trypsinised and the suspension diluted to 
give approximately 3 X 10^-10® cells/dish in 9-cm 
tissue culture grade petri dishes (Sterilin) with 9 
ml of MEM/trifluorothymidine (TFT, Sigma) at a 
concentration of 3 jag/ml TFT (Adair and Carver, 
1979). Dishes were incubated in a humidified in­
cubator at 37 °C  with 5% CO  ^ in air for 12 days. 
Mutant colonies were fixed with methanol and 
stained with Giemsa prior to scoring. After irradi­
ation, expression period and trypsinization, 
survival was assayed by diluting cell suspensions 
to give approx. 100-200 viable cells/dish (5 cm 
diameter, Sterilin) in 5 ml MEM. After 7 days 
incubation at 37 ®C, colonies were fixed and 
stained with Giemsa prior to scoring.
The total numbers of colonies in TFT plates 
and those in non-selective medium were counted 
to give an estimate of tk" mutant frequency. The 
colonies observed were not found to be of two 
distinct sizes as has been reported previously for 
mutations at the tk locus following irradiation in 
L5178Y mouse lymphoma cell line (Moore et a l,
1986).
Measurement of the optimum expression time 
This assay was carried out for control, 2-, 4- 
and 6-Gy treated cells. For each dose, six 75-cm^ 
flasks with densities ranging from 2 X  10^ to 2 X  
10^ cells per flask were set up in MEM medium. 
Following irradiation, flasks were incubated at 
37 ®C for 0 -5  days expression period. After the 
required expression period, cells were trypsinised 
and plated in TFT as above (mutation assay). A  
viability assay was carried out for each dose to 
determine the cell viability in the mutagenised 
population.
X-Ray irradiation
Cells were exposed as monolayers in medium to 
X-rays (250 kV with 0.5 mm Cu filtration) at a
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dose rate of 0.75 G y/m in. Dosimetry was checked 
using a modified Fricke method (Frankenberg, 
1969).
Cell survival assay (non-mutagenised population)
In order to verify the reported difference in 
X-ray sensitivity, a survival assay was carried out 
on both xrs5 and CHO KI cell lines. Cells were 
irradiated with a graded series of doses as mono­
layers in medium. These cells were trypsinised, 
appropriately diluted and plated in 5-cm dishes 
(Sterilin) with 5 ml MEM and incubated in a 
humidified incubator at 37 °C  with 5% CO2 in air 
for 7 days prior to fixing and staining as above.
Results
The survival curves for the two cell lines are 
shown in Fig. 1. The difference in the survival 
curve shape for the two lines confirms previous 
work (Jeggo and Kemp, 1983) and served as a 
check on the hypersensitivity of the xrs5 hne to 
X-irradiation in our laboratory before we initiated
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Fig. 2. Mutation frequencies as a function of post-irradiation 
incubation period (expression time) in the X-ray-irradiated 
CHO KI ceil line. Vertical bars represent standard errors of 
mean values. Each curve represents the mean of 3 Expts.
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Fig. 1. Survival curves for X-irradiated CHO KI and xrs5 
cells. Vertical bars represent standard errors of mean values. 
Each survival curve represents the mean of at least 3 Expts.
our mutation studies. The results of the observed 
mutation frequencies at various doses following 
different expression times are presented in Fig. 2. 
Expression time is defined as time between X-ray 
exposure and plating cells in selective medium 
(TFT). The results show that mutations generally 
increased over the first 3 days reaching a peak at 4 
days followed by a decrease in mutation frequency 
at 5 days. A similar trend was seen in the case of 
the xrs5 cell line (results not shown). Hence 4 
days was taken as the optimum expression time to 
yield the maximum observed mutation frequency 
for both cell lines. The results for mutation 
frequency at the tk locus in the xrs5 and the 
parental CHO KI cells are shown in Fig. 3. The 
average spontaneous mutation frequencies of 3.64 
and 10.6 per 10^ viable cells in CHO KI and xrs5 
respectively (Table 1) have been subtracted from 
the values shown. A similar 3-fold higher sponta­
neous mutation rate at the hprt locus in xrs5 than 
in CHO KI has been reported previously (Dar­
roudi and Natarajan, 1989). We found that treat-
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Fig. 3. Mutation frequencies as a function of dose after X-ray 
exposure in xrsS and CHO KI cell lines. Vertical bars repre­
sent standard errors of mean values. Each curve represents the 
mean of 3 Expts.
ment of cells with hypoxanthlne-aminopterin- 
thymidine (HAT) medium prior to mutagenicity 
experiments in order to kill any tk" cells which 
had arisen spontaneously did not reduce this in­
creased mutation rate in xrs5. Even after subtrac­
tion of spontaneous rates, xrs5 showed a 3-4-fold  
enhanced induced mutability at the tk locus. This 
difference in mutation frequency is significant even 
in the low dose range. The data points for all the 
figures represent the mean of at least 3 indepen­
dent experiments. The frequency of mutations in 
CHO KI showed a curvilinear response with in-
T A B L E 1
FREQUENCY OF SPONTANEOUS TFT*^ M UTANTS PER 
10^ SURVIVORS
Cell type Spontaneous mutations Standard
(per 10^ survivors) “ deviation
CHO KI 3.64 2.6
xrs5 10.6 2.5
“ Average of al least 4 independent Expts.
creasing X-ray dose while the xrsS data approxi­
mated to a linear increase in mutation frequency 
with increasing dose. The frequency of mutations 
per 10^ viable cells was 3 -4  times higher in the 
xrs5 than in the CHO KI, the ratio of mutation 
frequency between the two cell lines varying with 
dose.
Discussion
Early work with B. coli and yeast cells sug­
gested that repair/misrepair of various mutagenic 
induced damage to the DNA might be implicated 
in yielding the observed mutation frequency rates 
(Speyer, 1965; Von Borstel et al., 1968). From a 
study of data on radiation-sensitive mutants in 
yeast, Hastings et al. (1976) suggested that radia­
tion-sensitive mutants show a different mutational 
response from the wild-type due to the increase in 
error-prone repair. Although some repair-deficient 
or radiation-sensitive mutants have been shown to 
be more mutable than their parental radio-re­
sistant strains (Evans et al., 1986), a notable ex­
ception is A -T  cells which although they are more 
sensitive than normal cells yet have not found to 
be hypermutable (Arlett, 1980; Arlett and 
Harcourt, 1978). From an analysis of D NA strand 
breaks, A -T  cells have been shown to be profi­
cient in dsb repair (Lehmann and Stevens, 1977) 
although at a lower fidelity rate (Cox et al., 1986). 
The lack of an error-prone repair process has been 
suggested as one of the possible factors leading to 
the observed hypomutability of A -T  cells (Arlett 
and Harcourt, 1983). A recent study (Zdzienicka 
et al., 1988), using a V79 mutant (XR-V15B) re­
ported that this line does not show an enhanced 
induced mutability despite its increased hyper­
sensitivity to radiation and defective dsb repair. 
However, our results showing an enhanced muta­
bility at the tk locus in xrs5 when compared with 
the CHO KI parent is in agreement with an 
earlier report (Darroudi and Natarajan, 1989) 
which showed that xrs5 and 6 were hypermutable 
to X-rays at the hprt locus.
The frequency of mutations at the tk locus in 
xrs5 and CHO KI cells in the present study were 
higher than found previously for hprt mutations in 
Chinese hamster V79 cells (Thacker et al., 1977) 
and in the mouse lymphoma strain L5178Y (Evans
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et al., 1986). The reason for this may be that the tk 
locus resides on a chromosome with non-essential 
flanking regions so that deletion of a large part of 
this chromosome does not lead to cell death. This 
view is supported by recent studies which suggests 
that the heterozygous nature of the tk locus per­
mits the recovery of both single-gene and chro­
mosomal mutations while the hprt locus permits 
the recovery of mutations affecting a single gene 
(Stankowski and Hsie, 1986; Evans et al., 1986; 
Yandell et al., 1986; Little et al., 1987; Moore et 
al., 1987, 1989). Trifluorothymidine-resistant 
clones (TFT^) grown through many generations 
were found to be non-viable in HAT medium 
indicating their stability. With regard to the un­
usual findings that CHO KI and xrs5 are hetero­
zygous with respect to the tk locus, we confirmed 
this heterozygosity in earlier work (Martin, 1986) 
which showed that when induced TFT^ mutants 
were exposed to the méthylation inhibitor 5- 
azacytidine (Jeggo and Holliday, 1986) no re­
vertant clones were detected when cells were plated 
in HAT medium. The occurrence of heterozygos­
ity at the tk locus may not be a totally surprising
•  CHOKI?S
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Fig. 4. A plot o f mutation frequency versus surviving fraction 
for both CHO KI and xrs5 cell lines. Data represents the 
mean of at least 3 Expts.
result in view of the high degree of aneuploidy 
observed in CHO KI cells which could have re­
sulted from the loss of the chromosomes carrying 
this locus.
Evans et al. (1986) suggested that the repair 
deficiency could be responsible for the occurrence 
of residual DNA multilocus lesions following X- 
irradiation in the radiosensitive strain LY-S of the 
mouse lymphoma cell line (L5178Y) which results 
in its increased mutational response. Further work 
with the same cell line provided a correlation 
between repair of dsb, chromosome damage and 
cellular radiosensitivity (Evans et al., 1987; Wlodek 
and Hittleman, 1987, 1988). In the present study, 
we have used the dsb repair deficient xrs5 mutant 
to show a possible correlation between a de­
ficiency in dsb repair and the enhanced mutability 
observed (Fig. 3). The xrs5 cell hne has been 
shown to have a reduced ability to repair dsb 
(Kemp et al., 1984; Costa and Bryant, 1988) which 
has been linked to its enhanced chromosomal 
sensitivity to X-rays (Kemp and Jeggo, 1986; Dar­
roudi and Natarajan, 1987) and to restriction en­
donucleases (Bryant et al., 1987); and to their 
extreme cellular radiosensitivity (Jeggo and Kemp, 
1983). Despite the low viabihty in the mutagenised 
population of the xrs5 cell line, the enhanced 
mutation frequency suggests that the mutational 
events outnumber the lethal events.
A plot of mutation frequency versus survival 
(Fig. 4) shows that both sets of data can reason­
ably be fitted by a common line suggesting a 
common lesion type leading to expressed muta­
tions and cell killing in both these cell hnes. These 
results suggest the hkely involvement of dsb in 
mutation induction as well as cell killing in irradi­
ated mammalian cells. The low capacity of the 
xrs5 mutant to repair dsb would seem likely to be 
the determining factor in the observed hypermuta­
bility and suggest the dsb as a pre-mutational 
lesion. This view is consistent with the involve­
ment of dsb as the principal mutagenic lesion in 
X-ray mutagenesis (Gibbs et al., 1987). Szostak et 
al. (1983) suggested that dsb stimulates recombi­
nation-type repair which if unsuccessful results in 
substantial deletions. Therefore it seems likely that 
the high mutability of xrs5 results from its inabil­
ity to remove dsb from the DNA resulting in high 
levels of deletions.
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Induction  of forward m u ta tio n s  were m easu red  a t  th e  thym idine 
k in a s e  (tk) locus in  h a m s te r  ce lls .We have show n  th a t  a n  X -ray  
sensitive  m u ta n t  cell line (xrs 5) w hich  is deficient in  dsb  rep a ir  w as 
found  to  be hyperm utab le  com pa red  to  its  p a re n t (CHO KI) cell line 
w hen  exposed to X-rays. T his suggested  th a t  th e  inheren tly  defective 
d sb  repa ir system  cou ld be the  cau sa tive  factor and  th is  formed strong  
e v id en ce  for d sb  a s  th e  c r it ic a l le s io n s  in  ra d ia t io n - in d u c e d  
m utagenesis.T o  fu r th e r  investiga te  th is , d sb  rep a ir  w as inh ib ited  in  
CHO Kl ce lls by  ex p o su re  to  X -rays in  th e  p resen c e  of 9 -^ -D - 
arabinofuranosy laden ine (ara A). An enhanced  m uta tional response w as 
observed in  cell trea ted  w ith  X -rays in  com bina tion  w ith  a ra  A. T his 
su g g ests  th a t  u n rep a ired  dsb  m ay be im p o rtan t lesions in  the  s te p s  
lead in g  to m u ta tio n s . In  fu r th e r  experim en ts, CHO KI ce lls w ere 
trea ted  w ith  R estriction endonuc leases, e ither Pvu II or Eco R1 b o th  of 
w h ich  g enera te  b lu n t  an d  cohesive-ended d sb  respective ly. R esu lts  
show ed h igher (10 fold) m u ta tio n  frequencies in  Pvu II trea te d  ce lls 
com pa red  to  cells trea ted  w ith equal concen tra tions of Eco RI. T hese 
re su l ts  ind ica te  th a t  b lun t-ended  dsb  a re  m ore effective th a n  cohesive- 
en d ed  d sb  in  m u ta tio n  induction . T his m ay re s u l t  from  the  slow er 
rep a ir  of b lu n t-en d ed  dsb  th a n  cohesive-ended dsb. In conc lusion, we 
suggest th a t  d sb  rep resen t p re-m uta tional lesions w hich a re  expressed  
a s  m u ta tio n s  possib ly via th e  form a tion of de le tion or exchange type of 
chrom osom al aberra tions.
